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ABSTRACT 

Lower Cretaceous pelagic cyclic sequences from the Atlantic Ocean, Vocontian 

Basin (Southeast France) and an Upper Cretaceous pelagic cyclic sequence from the Indian 

Ocean (Exmouth Plateau) were quantitatively studied to test the theory that orbital 

periodicity has induced cyclic sedimentation. 

These cyclic sequences have more similarities than differences. The cycles generally 

are composed of a more calcareous portion and a more marly portion, and are on a 

decimeter scale. Clay minerals, silt and microfossils vary with calcium carbonate content. 

In the Upper Cretaceous cyclic sequences from the Indian Ocean, systematic differences in 

K, Na, Si, Al, Ti, Fe and Mn between the more calcareous portion and the more marly 

portion, reflecting alternation of sedimentary conditions, were detected. In sequences from 

the Atlantic Ocean and the Indian Ocean, burrows which introduce light-colored sediments 

into the underlying dark-colored sediments are observed. All these lines of evidence 

indicate that these sequences are depositional in nature rather than diagenetic products. 

Discrete time series were built on the basis of Iithological features (color, sedimentary 

structure, weathering appearance) of the cyclic sequences and were analyzed with the 

Walsh spectral method. Examination of the Walsh power spectra, using both wavelength 

ratios of the important frequency peaks and their duration from estimated average pelagic 

sedimentation rates, reveals that the periodicities in the cyclic sequences are correlative to 

the periodicities of orbital elements (eccentricity, obliquity and precession). The results 

support an orbital-related climatic origin for these cyclic sequences. In these Cretaceous 

cyclic sequences, the obliquity signal is generally stronger than the other two orbital 

elements. 

A general model regarding cyclic sedimentation under the control of orbitally 

induced climatic variation proposes that the more calcareous portions are deposited during 

cold and dry climatic phases when the ocean is better corrected with high bio-productivity 

but less terrestrial input. The more marly portions represent warm and humid phases when 

the ocean is less well convected with decreased bioproductivity but more terrestrial input as 

a result of enhanced weathering on land. This study also found that the dominant orbital 

signal in sediments varies with time, implying changes in the controlling role of the three 

orbital elements. The variation in cyclic sequences (i.e., cycle pattern changes and hue 

changes) can be correlated with sea-level changes. The potential of using Milankovitch 

periodicity to refine time scales is tested in the Vocontian Basin. The duration of the 

Valanginian and Hauterivian estimated with the orbitally tuned pelagic sedimentation rate is 

6.11 m.y. and 5.36 m.y. respectively. 

xiv 
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CHAPTER I 

GENERAL INTRODUCTION 

In this study an attempt is made to test the effect of orbital cycles of the earth on 

Cretaceous sedimentation patterns, reflecting cyclic changes in climate. Climate changes 

recorded in Quaternary pelagic sediments have been successfully related to the orbital 

cycles (Hays et al., 1976; Pisias and Moore, 1981; Imbrie et al., 1984; Morley, 1987; 

Broecker and Denton, 1989;), although it is still unclear how the 100 k.y. cycle is reflected 

in the sedimentary record (Imbrie and Imbrie, 1980). 

The orbital cycles are commonly known as Milankovitch cycles. They are quasi-

periodic variations in the Earth's orbital parameters of precession, obliquity and eccentricity 

(Figure 1-1). Obliquity is the tilt of the polar axis relative to the plane of the orbit, varying 

from 22° to 24.5° with a period of 41 k.y. The precession is the change in the seasonal 

position of the Earth on its way around the ellipse, varying with periods of 19 k.y. and 23 

k.y.. Eccentricity describes the irregular variation in the ellipticity of the orbit ranging from 

0.0005 to 0.0607 with periodicities of 95 k.y, 123 k.y. and 413 k.y. (Berger, 1977). 

These parameters affect the seasonal and annual latitudinal distribution of solar insolation 

and long-term global and hemispheric climates (Imbrie and Imbrie, 1980). Obliquity 

increases in importance with higher latitude (Berger, 1984). Precession affects the contrast 

between summer and winter seasons in each hemisphere. Eccentricity primarily modulates 

the importance of precession. Because of the long-term change in Earth-Moon distance 

during geological time, the periods of these orbital elements should have been shorter in the 

geological past than at present. Recently Berger et al. (1989) calculated the long-term 

variations of the main orbital parameters during the past 500 m.y. and demonstrated that the 

periods of these parameters were shorter in the geological past. According to their results, 

which may be inaccurate for various reasons, the difference in the periodicities 

1 
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Figure 1-1. An illustration of the Earth's orbital parameters of precession, obliquity 
and eccentricity: (1) Eccentricity -Sun (S) is at one focus of the ellipse. Eccentricity is 
the ratio OS/OP, with periodicities of 412.9 k.y., 94.9 k.y. and 123.3 k.y.. (2) 
Obliquity - The thick line through the Earth is vertical to the plane of the orbit. The 
thin line through the Earth is the Earth's polar axis. The angle between this vertical 
line and the Earth's polar axis is called the obliquity, with a periodicity of 41.0 k.y.. 
(3) Precession - Sw is earth's position at winter solstice, Es at spring equinox, Ss at 
summer solstice and Ea at autumn equinox. P stands for perihelion (nearest point 
from the Sun) and A for aphelion (farthest point from the Sun). The four seasonal 
points slowly precess around the orbit. This precessing is called precession, with 
periodicities of 23.7 k.y. and 19.0 k.y.. 



3 

between the present and the Cretaceous is relatively small (Table 1-1). For example, the 

presently 41 k.y. obliquity cycle in the Early Cretaceous (around 140 Ma) is about 38.5 

k.y.. In the Late Cretaceous (around 74 Ma) the obliquity was about 39.3 k.y.. The 

difference for the periodicity of obliquity between the Cretaceous and the present is 3 

thousand years at most. The differences for the periodicities of precession are smaller. The 

precession periodicities were 22.5 k.y. and 18.6 k.y. in the Late Cretaceous (around 74 

Ma). These small differences do not prevent one from testing the Milankovitch theory in 

Cretaceous strata. However, the study by Berger et al. (1989) does not indicate if there is 

any long-term change in the eccentricity periodicities. 

Following successful studies on orbital-induced cyclic sedimentation during the 

Quaternary (Hays et al., 1976; Pisias and Moore, 1981; Imbrie et al., 1984; Morley, 1987; 

Broecker and Denton, 1989), various attempts have been made to relate pre-Pleistocene 

cyclic sediments to orbital cycles (Schwarzacher and Fischer, 1982; Arthur et al., 1984, 

1986; Barron et al., 1985; House, 1985; Weedon, 1985; Research on Cretaceous Cycles 

(R.O.C.C) Group, 1986; Herbert and Fischer, 1986; Schwarzacher, 1987; Hart, 1987; ten 

Kate and Sprengei; 1989; Jarrard and Arthur, 1989) using diverse methods. 

Unfortunately, pre-Pleistocene studies often suffer from insufficient stratigraphic detail, 

and a diagenetic origin of cyclic sediments was often proposed as an alternative 

mechanism. For example, analysis of the basal Jurassic cyclic sediments (Blue Lias) of 

south Britain (Weedon, 1985, 1987; Hallam, 1986) shows insufficient stratigraphic 

control, errors in the time scale used, and evidence of diagenetic overprint. Another 

example is the short-term relative sea-level fluctuation versus climatic fluctuation for the 

origin of the Upper Cretaceous Alabama marl-limestone sequences (King. 1990; Bottjer, et 

al., 1986; the R.O.C.C. Group, 1986). The relative sea-level change origin here seems 

plausible because the sequences are the product of shelf sedimentation, but since the 

Alabama sequence studied contains few Iithological alternations and the studies lack 

quantitative treatment (Bottjer et al., 1986), its origin is controversial. Errors in the 
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Table 1-1 Milankovitch periods at present and in the Cretaceous time (after 
Berger, 1977; Berger et al., 1989). 

Geological 
Epoch 

Present 

Late 
Cretaceous 

Early 
Cretaceous 

Numeric 
Age (Ma) 

0 

74 

140 

Eccentricity (k.y.) 

413,123.3,94.9 

? 

? 

Obliquity (k.y.) 

41 

39.3 

38.5 

Precession (k.y.) 

23.7,19 

22.5,18.6 

22.2,18.3 

k 
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Mesozoic time scales form another impediment. For example the existing time scales for the 

Cretaceous, especially the Early Cretaceous, display substantial differences in stage 

boundaries and stage durations (van Hinte, 1976; Harland et al., 1982; Odin et al., 1982; 

Kent and Gradstein, 1985; Hallam et al., 1985; Haq et al., 1987). Beside such obstacles as 

stratigraphic constraint, the errors in the time scales and diagenetic over-print, there is a 

methodological problem. In some studies, the objective of testing Milankovitch theory and 

understanding orbital-induced cyclic sedimentation is hampered by a lack of quantitative 

methodology to analyze the Mesozoic cyclic sequences. This problem obviously exists in 

the study of Lower Cretaceous cyclic sequences from the Atlantic-Tethyan region (e.g. 

Dean and Arthur, 1987; Ogg et al., 1987). 

Among various statistical methods, spectral analysis frequently has been employed 

in the studies of cyclic sediments from the Quaternary (e.g., Hays et al., 1976) and in a 

few studies of pre-Pleistocene sequences (Schwarzacher and Fischer, 1982; Weedon, 

1985; Herbert and Fischer, 1986; Schwarzacher, 1987; ten Kate and Sprenger, 1989). 

Two good examples of quantitative study with the Fourier spectral method on the Lower 

Cretaceous cyclic sequences in the Tethyan area are those by Herbert and Fischer (1986) 

and by ten Kate and Sprenger (1989). However, the conventional Fourier spectral analysis 

method either needs a large number of closely spaced laboratory derived data points, such 

as those of oxygen/carbon isotopes or calcium carbonate content, if one is dealing directly 

with cored sediments and outcrops, or is more suitable for continuous variables found in 

logging curves, densitometry curves, etc.. These types of data are not systematically 

available in the Cretaceous sequences, the subject of this study. Recently, a promising new 

statistical method, the Walsh spectral method, which can directly exploit Iithological 

information of cored sediments or outcrops, has been applied to Mesozoic cyclic sequences 

by Weedon (1985,1989) and Schwarzacher (1987). Their work has opened avenues to test 

Milankovitch theory in pre-Pleistocene strata and to understand the process of cyclic 

sedimentation. 
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The Cretaceous is a unique geological period. Cyclic sediments are widely reported 

around the world (e.g., R.O.C.C. Group, 1986; Herbert and Fischer, 1986; Ogg et al., 

1987; Cotillon and Rio, 1984; ten Kate and Sprenger, 1989). The distribution of 

Cretaceous landmasses was substantially different from that in the Quaternary (Barron, 

1987). Many studies (Frakes, 1979; Barron, 1983) have documented that the Cretaceous, 

at least the Late Cretaceous, was globally warmer than at present and free of large scale 

continental glaciation, thus it is a crucial period for testing Milankovitch theory and 

understanding the role of orbital elements in pre-Pleistocene time. Therefore, the following 

questions should be answered with more certainty: 

a. What is the periodicity of the Cretaceous cyclic sediments both in time and in 

thickness units? 

b. Are orbital variations (Milankovitch cycles) the ultimate cause of the cyclicity? 

c. If so, which orbital element is more important? 

d. How, if at all, did the orbital elements control cyclic sedimentation during the 

Cretaceous time? 

e. How can the periodicity recorded in sediments be used as a geochronological 

yardstick to refine the linear geological time scale for the Cretaceous? 

For the purpose of my thesis study, I chose Lower Cretaceous cyclic sediments 

from the North Atlantic and Vocontian Basin, and Upper Cretaceous cyclic sediments from 

the Indian Ocean as test cases. The general areas of study are shown in Figure 1-2. These 

sequences were formed in a pelagic environment. The test of orbital origin of cyclic 

sequences from a pelagic environment can avoid many complications and can eliminate 

several other possibilities. One complication is high frequency and low amplitude eustatic 

changes, although they are not entirely independent of climatic changes. As the Cretaceous 

is essentially free of large scale continental glaciation (Frakes, 1979; Barron, 1983), some 

high frequency but small eustatic changes from the growing and waning of mountain 

glaciers may chiefly affect very shallow water or peritidal sediments. The short-term 



90° 120° 150° 180° 150° 120° 90° 60° 30° 0* 30* 
Figure 1-2. The locations of study areas: 1. North Atlantic Ocean; 2. Vocontian Basin (southeast 
France); 3. Indian Ocean (Exmouth Plateau, northwest of Australia). The enlarged maps of these 
areas are presented in Figures 3-1,4-1 and 5-1 respectively. 
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eustatic changes on Haq's curve (Haq et al., 1987) occupy around 1 to 2 m.y.. They may 

not have caused the Iithological alternations of decimeter scale. There is not any known 

studies documenting cyclic tectonics which can be considered as the cause of cyclic 

sequences in these basins and their hinterlands. In addition, a diagenetic origin has been 

excluded in the previous studies in the Atlantic Ocean and the Vocontian Basin (Ogg et al., 

1987; Cotillon and Rio, 1984). 

The research method, especially the statistical approach, will be explained and 

discussed in Chapter 2 Research methods. I will use the new and efficient Walsh 

spectral method to analyze these Cretaceous cyclic sequences. This approach overcomes the 

difficulties in using conventional Fourier spectral method. In terms of previous studies, 

sedimentological data have been gathered from North Atlantic cyclic sequences (Lancelot et 

al., 1972; Bernoulli, 1972; Dean et al., 1976; Tucholke and Vogt, 1979; Freeman and 

Enos, 1978; Robertson and Bliefnick, 1983; Cotillon and Rio, 1984; Dean and Arthur, 

1987; Ogg et al., 1987); also, stratigraphic analysis is quite detailed for DSDP Holes 391C, 

534A and 603B (Roth, 1978; Schmidt, 1978; Gradstein, 1978; Habib, 1978; Habib and 

Knapp, 1982; Habib and Drugg, 1983; Roth, 1983; Ogg, 1983; Gradstein, 1983; Habib 

and Drugg, 1987; Ogg, 1987; Covington and Wise, 1987). Therefore, these three DSDP 

Holes were selected for a more detailed study. The cyclic sequences in the Vocontian Basin 

have been the subject of detailed sedimentological studies (Cotillon, 1971; Cotillon et al., 

1979; Cotillon, 1980; Cotillon and Rio, 1984; Darmedru et al., 1982) and stratigraphic 

studies (Busnardo, et al., 1979; Moullade and Thieuloy, 1967). These previous studies 

serve as a basis for my quantitative study in these two areas (Chapter 3 and 4). The 

Upper Cretaceous (lower Campanian to lower Maestrichtian) cyclic sediments recently have 

been recovered during Ocean Drilling Project Leg 122 in Indian Ocean, northwest of 

Australia. The stratigraphic span for the Indian Ocean sequences to be studied is relatively 

shorter. For this area, before the statistical analysis, more space is devoted to 

sedimentological study and to such problems as diagenetic overprint as there is no previous 
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study. The study on the Upper Cretaceous cyclic sediments is summarized in Chapter 5 

Pelagic Upper Cretaceous cyclic sediments from Indian Ocean (Exmouth 

Plateau). Chapter 6 General Conclusions is a summary of the studies presented in 

Chapters 3,4 and 5.1 shall highlight a few points as follows: 

The results in these three case studies support the hypothesis that Milankovitch 

cycles are the ultimate cause of the cyclic sedimentation. However, the role of the orbital 

elements varies with geological time. 

Using available sedimentological evidence I have formulated more understandable 

models for the cyclic sedimentation in the Early Cretaceous Atlantic Ocean, Tethys Ocean 

and the Late Cretaceous Indian Ocean. 

With the establishment of Milankovitch-like cycles in the sediments, attempts are 

made to examine their effectiveness as a tool in time stratigraphic studies. This exercise is 

illustrated in Chapter 4 in the study on the cyclic sequences in the Vocontian Basin. 



CHAPTER 2 

RESEARCH METHODS 

In this chapter, the general methods used in gathering the data, including laboratory 

analysis and field observation, and measuring and coding will be mentioned briefly. The 

methods vary a little with different study areas, as will be explained in the relevant chapter. 

The main focus of this chapter is the mathematical method and its application to the 

geological problem of periodicity in lithology. 

2-1. General methods 

As my thesis study is quantitative, Iithological data are coded in a quantitative 

fashion. The cyclic sequences are the repetition of two or more different lil'hologies, 

although there are subtle variations and there are turbiditic interlayers or slump deposits. To 

express a cyclic sequence digitally, the thickness of every Iithological layer which 

composes the cycles is measured and the layer is also marked with a code or a combination 

of codes according to a designed coding system. This faciliates the generation of time series 

on the basis of Iithological information. 

In addition to gathering sedimentological and laboratory data accumulated in 

previous studies, core (outcrop) examination, thin section, and smear slide examination 

were carried out in studying the cyclic sequences. The following laboratory methods were 

used in the study on the cyclic sediments from Indian Ocean: 1. Carbonate content 

measurement; 2. X-ray diffraction (XRD) analysis; 3. Scanning electron microscope 

(SEM) examination. 4. Geochemical analysis with ICP (inductively coupled plasma) 

atomic emission spectrometry for the concentrations of Ca, Fe, Mn, Mg, Sr, Si, Al and Ti, 

and with atomic absorption spectrometry for the concentrations of Na and K. 

10 
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2-2. A brief introduction to Walsh spectral analysis 

The principle statistical method employed in my thesis study is the Walsh spectral 

analysis. The following is a brief introduction on Walsh function theory. For more detailed 

knowledge on Walsh functions, the book by Beauchamp (1975) should be consulted. 

2-2-1. Walsh functions 

Walsh functions are an orthonormal set of functions in the form of an ordered set of 

rectangular waveforms taking two amplitude values +1 and -1. The function is written as: 

WAL(n,t) n = 0,1,...,N-1 

where argument n is an ordering number and t is a time period. 

Figure 2-1 shows the first 32 Walsh functions, arranged in ascending order, found 

in a limited time interval, T, known as the time base. The ordering shown in this figure is 

known as sequency order. Sequency is a term to describe a periodic repetition rate which is 

independent of waveform. The definition of sequency is "one half of the average number of 

zero crossings per unit time interval". Sequency can be regarded as a special kind of 

frequency applicable to Walsh functions only. In this thesis, I shall use frequency to refer 

to the "sequency", for convenience. The argument n is actually the number of zero 

crossings (Zps) of a specific Walsh function. 

An alternative notation has been introduced to classify the Walsh functions in terms 

of even and odd waveform symmetry, that is: 

WAL(2k,t) = CAL(k,t), 

WAL(2k-l,t) = SAL(k,t) k = 1,2,3,..., N/2 
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Figure 2-
1975). 

A set of Walsh functions in sequency order (after Beauchamp, 
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This defines two further Walsh series, having close similarities to cosine and sine 

series. 

2-2-2. Walsh transform 

Every function which is integrable is capable of being expressed by a Walsh series 

defined over the open interval (0,1) as: 

x(t)=a0+aiWAL(l,t)+a2WAL(2,t)+-

where the coefficients are given by: 

ak = JJf(t)WAL(k,t)dt 

Then the transform pair can be defined as: 

f(t)=I,F(k)WAL(k,t) 
k=0 

F(k)=JJf(t)WAL(k,t)dt 

In the case of discrete systems which are the most common form of geological data 

(record), if the number of sampling points N is made equal to a power of 2 , i.e., N=2 p, 

using the trapezium rule, the Walsh transform pair can be defined in a finite discrete way 

as: 
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n=0,1, 2 ... N-l 

n=0,1, 2 ... N-l 

N being a power of 2 also makes fast Walsh transform possible, which requires 

N*log2N mathematical operations. 

2-2-3. Walsh spectral analysis 

For Walsh functions the spectral analysis is carried out in terms of sequency rather 

than frequency. Nevertheless the power spectrum coefficients can also be calculated in a 

manner analogous to the periodogram used in Fourier power spectral analysis. That is: 

P(0)=X2(0) 

P(k)=x2(k) + X^(k) 

P(N/2) = Xf (N/2) k=l, 2, 3 ... (N/2-1) 

Xc and Xs are respectively Cal and Sal coefficients of the Walsh transforms. The 

total number of spectral points is (N/2)+l. 

2-2-4. A comparison of Fourier spectral analysis and Walsh spectral 

analysis on a rectangular wave 

Power-spectral analysis is an objective way to identify regularity in a series of data. 

The regularity of a certain waveform (time series) can be examined with more than one 

spectral analysis method. The effectiveness of the method depends on the nature of the 

waveform (time series). Figure 2-2 gives a comparison between the power spectra obtained 

with Fourier analysis, most commonly utilized, and Walsh analysis from a rectangular 

Xn=(l/N)gxiWAL(n,i) 

Xi^XnWALOU) 
i=0 
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Figure 2-2. A comparison between the power spectra obtained with Fourier analysis 
and Walsh analysis from a rectangular waveform of period T/15. A. A rectangular 
waveform of period T/15. B. Power spectrum produced with Fourier spectral 
analysis method. Considerable energy is found outside the frequency of 15 Hz 
which is equivalent to the sequency of 15 Zps of the rectangular waveform. C. 
Power spectrum produced with Walsh spectral analysis method. The sequency peak 
is centrally positioned at the sequency of 15 Zps (from Beauchamp, 1975). 
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waveform of period T/15 (Fig. 2-2A). On the Fourier power spectrum (Fig. 2-2B) 

considerable energy is found outside the frequency of 15 Hz equivalent to the sequency of 

15 Zps of the rectangular waveform. However, on the Walsh power spectrum (Fig. 2-2C) 

the sequency peak is centrally positioned at 15 Zps. This shows that for a waveform that is 

not smoothly varying, Walsh spectral analysis is a more suitable statistical method to 

analyze its regularity. The Fourier analysis would bring in some complexity and the 

spectrum is more difficult to interpret. 

The choice of statistical method to solve a geological problem should depend on the 

nature of the geological data. As the geological data collected in three case studies consists 

of the thickness of Iithological layers composing the alternations, they cannot be converted 

into a smoothly varying waveform (time series) but rather into a discrete, step-like 

waveform. Therefore, I have used the Walsh spectral method as a principle tool to examine 

the regularity of cyclic sediments. 

2-3. The application of Walsh spectral analysis in searching for cyclicity 

Walsh spectral analysis has been applied to geoscience for studying the cyclicity of 

magnetic reversals (Negi and Tiwari, 1983). Later Weedon (1985, 1989) and 

Schwarzacher (1987) introduced this technique to study cyclic sediments in Europe. Beside 

its suitability for the data collected in my study on cyclic sediments, one advantage of this 

method is the speed in transform computation as only addition and subtraction are required. 

The application of every kind of spectral analysis to a geological problem involves 

four aspects: time series generation, transform operation, spectral generation and 

interpretation. I shall mainly explain the first three aspects below. 

The first step, time series generation, differs slightly for each of the data sets from 

the North Atlantic Ocean, Vocontian Basin and Indian Ocean, as the cyclic sequences are 

slightly different. The differences are explained below. The principle involved is to 
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approximate the cyclic variations in a sequence most efficiently by converting the geological 

data into step-like time series with values ranging from -1 to +1. The crucial point in the 

approximation is to ensure that different sediment types representing different environments 

have the opposite sign. The work by Weedon (1985, 1989) illustrates that the shape of a 

Walsh power spectrum is mainly controlled by the position of 'zero-crossing' rather than 

the amplitude of the time series. 

Transform operation and spectral generation are executed with the computer 

program WSPEC (Appendix 2-1). This interactive program was written by the author in 

Quick Basic (Version 4.0) based on a Fortran listing provided by Dr. Schwarzacher. 

Program WSPEC was expanded to include new functions, such as confidence level 

calculations, and also is more user-friendly than the original Fortran version. Appendix 2-2 

presents a sample input file. All the input files in Chapters 3, 4 and 5 are in the same 

format. The program first samples the step-like time series with a uniform interval as 

specified by the user. The sampling interval varies from section to section. The principle is 

not to skip the thinnest Iithological layer in a section in order to avoid aliasing, which can 

"fold" important high frequency components into the spectrum as lower frequencies, as 

noted by Pisias and Mix (1988). The number of sampling points for fast Walsh transform 

is required to be equal to a power of 2. The transform algorithm follows that of Beauchamp 

(1975). The power values are normalized for an application of Fisher's test for white noise 

(Nowroozi, 1967). Confidence levels (90%, 95%, 98% and 99%) are calculated to check 

the significance of the sequency peaks (i.e., to distinguish the peak from white noise). The 

Walsh spectrum is smoothed using a 3-point Hanning window. The Walsh power 

spectrum gives the frequencies of the components in terms of cycles per meter. Appendix 

2-3 gives a sample output file. I have used the 90% confidence level to check the 

significance of the frequency peaks. 

The frequency peaks above the 90% confidence line can be converted to wavelength 

in length (cm), the reciprocal of the frequency, or to wavelength in time (k.y.) using 
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estimates of average sedimentation rate. The interpretation of the power spectra can be 

based on the ratios of the different wavelengths in centimeters and on the wavelengths 

expressed in time units (k.y.). The use of wavelength ratios has the advantage of being 

independent of absolute time, and is especially helpful in interpreting cyclic sequences from 

the Early Cretaceous for which the published time scales are less accurate and differ from 

each other. The wavelength in time (k.y.) is the duration of the sedimentary cyclicity. It 

can also help comparison with the periodicities of the orbital parameters. 

Some, general problems in applying the spectral method to geological data should be 

addressed here: 

In this thesis, all of the time series are in thickness scale, like most of the time series 

derived from the pre-Pleistocene record (e.f., Weedon, 1985, 1989; Herbert and Fischer, 

1986). It seems that time series in thickness scale is less suitable than time series in time 

scale, but to use thickness scale is the only choice for my cases. In discussing the duration 

of regularity of the sequence with a power spectrum, a linear relationship between time 

series in thickness scale and time series in time scale has to be assumed, or at least implied, 

when estimated average sedimentation rate is used. This assumption deviates more or less 

from geological reality, as sedimentation rate is not usually constant, and can always be 

questioned. However, I expect that in the pelagic and hemipelagic realms the fluctuation in 

sedimentation rate is less dramatic than in other depositional environments. In some of the 

successful studies on Pleistocene pelagic sediments (e.f., Hays et al., 1976), the time 

series are in time scale, but actually the time was also converted from thickness by a linear 

interpolation between a few dated horizons, assuming sedimentation rate between two 

horizons is constant. Furthermore, Schwarzacher (1975) proved that a regular cycle in 

thickness cannot result from a random process in time. Therefore, the use of time series in 

thickness scale can be justified in studying pelagic and hemipelagic sequences. 

There are several geological process which can possibly affect the detection of 

sedimentary cyclicity. These are variations in sedimentation rate, compaction and hiatuses. 
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The experiment by Weedon (1989) shows that the effect of systematic variations in 

sedimentation rate, which is related to the change of sediment type, or the random 

variations about a mean does not prevent detection of regularity of a sequence, though it 

introduces harmonics. However, a unidirectional change in sedimentation rate in a 

sequence is a problem. A time series with such a change is non-stationary. It is difficult to 

remove the trends in sedimentation rate change artificially if the size and nature of the 

changes are unknown (Schwarzacher, 1975, 1987). One method of testing the stationarity 

of the time series and the significance of spectral peaks is to cut the time series into two 

halves, carry out spectral analysis on the subsections and compare the spectra (Weedon, 

1985; Schwarzacher, 1987). The problem of unidirectional change in sedimentation rate is 

expected to be more obvious in analyzing longer time series than if a shorter time series is 

analyzed. One way to reduce the effect is to use short sections (Schwarzacher, 1991). 

However, when the time series is short, and with fewer Iithological alternations (beds), the 

peaks that appear in the low frequency portion of the spectrum may not be representative of 

the true low frequencies. That makes it difficult to detect accurately some regularity at lower 

frequency. According to Weedon (1989), random variations in compaction have the same 

effect as random variations in sedimentation rate about a mean and systematic variations in 

compaction, which is related to sediment types, has the same effect as systematic variations 

in sedimentation rate. This author also demonstrated that introducing hiatuses into a time 

series could alter the spectrum dramatically, but the main structure of the spectrum would 

survive. 

Weedon's experiment (1989) indicates that it is possible to detect cyclic changes 

and to test the orbital origin of the ancient cyclic sequences which are more or less altered 

by several geological processes. In the testing with the results of spectral analysis, I shall 

use the wavelength ratios of the frequency peaks to compare the ratios of the periodicities 

of the orbital elements, as the corresponding durations of the frequency peaks from the 

estimated average sedimentation rate are usually inaccurate. In the ancient record the 
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estimated average sedimentation rate is usually subject to two main sources of error. First, 

the thickness may not be accurately representative of the sediments being deposited 

between two datums as the positions of the datum, usually fossil occurrences, may contain 

some errors for many reasons. Even if the datums are in the right position, the sediments 

may be thinner than those actually deposited because of some unrecognized erosion, in my 

study areas, the biostratigraphic data are detailed, but they cannot be free of the errors as 

mentioned, especially in the North Atlantic Ocean and on the Exmouth Plateau. Secondly, 

the numeric ages of the fossil datum have some errors. The durations of the Cretaceous 

stages are different among time scales (see van Hinte, 1976; Harland et al., 1982; Odin et 

al, 1982; Kent and Gradstein, 1985; Hallam et al., 1985; Haq et al., 1987). There is more 

such error in dealing with the Lower Cretaceous record. As there are two sources of error, 

it is difficult for me to estimate how much the error is in the estimated average 

sedimentation rates in these sequences. At the same time, since the structure of the power 

spectra could have been altered by some geological processes, it is usual difficult to carry 

out the testing solely on the basis of the wavelength ratios of the frequency peaks. I 

calculated that a observed ratio can deviate from its theoretical correspondent by up to 

15.5% (see Section 3-6-2 Results of Walsh spectral analysis and their 

interpretation and Figure 3-17). Also, some theoretical ratios are quite near when the 

ratio values are smaller than 2.31. Uncertainty can be reduced by using the corresponding 

duration as a constraint in making a choice for comparing the observed ratio with the 

theoretical ratio of orbital elements, keeping in mind that the duration is usually the 

maximum value. In the study on all of the sequences, I adhere to the principle of using both 

the wavelength ratio and the duration in the testing. More details of the interpretation and 

the testing are discussed in the following chapters. 



CHAPTER 3 

PELAGIC LOWER CRETACEOUS CYCLIC SEDIMENTS FROM THE 

ATLANTIC OCEAN 

3-1. Introduction 

Cyclicity is well-developed in pelagic sediments of Early Cretaceous age in the 

Atlantic Ocean. These sediments were cored during the Deep Sea Drilling Project (DSDP) 

and its successor, the Ocean Drilling Project (ODP). The strata feature alternations of 

bioturbated limestone and laminated marly limestone, defined as the "Blake-Bahama" 

Formation, of Late Tithonian to Barremian age (Jansa et al., 1979). These sediments were 

recovered in DSDP Holes 99, 105, 367, 370, 387, 391C, 398D 416A, 534A, 535A, 603B 

(Lancelot et al.,1972; Bernoulli, 1972; Dean et al., 1976; Tucholke and Vogt, 1979; 

Freeman and Enos, 1978; Robertson and Bliefnick, 1983; Cotillon and Rio, 1984; Dean 

and Arthur, 1987; Ogg et al., 1987). Cyclic sediments are more common and better 

developed in the western part of the ocean than in the eastern part, during the Early 

Cretaceous. 

Much work has been done on sedimentology, petrology, geochemistry, 

mineralogy and microfauna of these sediments. Tentative models explaining the origin of 

cyclic sediment have also been discussed (e.g. Cotillon and Rio, 1984, Robertson and 

Bliefnick, 1983; Dean and Arthur, 1987; Haggerty, 1987; Ogg et al., 1987). Some 

geologists (Cotillon and Rio, 1984; Cotillon, 1987) postulate that the Early Cretaceous 

cyclicities are worldwide and the ultimate controlling force is global. Attempts have been 

made to estimate the periodicities of the cyclic sediments. Dean et al. (1976), after a study 

on the cyclic sediments recovered from DSDP Hole 367, concluded that the average period 

of the cycles is 37,000 years. According to Cotillon and Rio (1984), the duration of those 

from DSDP Hole 535 and 540 ranges from 10,000-26,000 years. Ogg et al. (1987) gave 
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an estimated duration of 25,000 to 40,000 years to those from DSDP Hole 603B. 

Milankovitch cycles were then proposed as the origin of the cyclic sediments. These studies 

are impressive, but less convincing when compared to the studies carried out on Quaternary 

sediments. Except for the above mentioned estimations by Dean et al. (1976), Cotillon and 

Rio (1984) and Ogg et al. (1987), the Lower Cretaceous cyclic sediments from the Atlantic 

Ocean have never been quantitatively studied to examine the regularity of the cycles, which 

may indicate the controlling process. The existence of Afilankovitch-like cycles in 

sediments needs to be judged or supported by a quantitative study. Furthermore, we cannot 

have a clear picture of how and which orbital elements have controlled the cyclic 

sedimentation, if they did, until a quantitative analysis is carried out. The cycle duration 

estimated by Dean et al. (1976) points to the obliquity cycle as the exclusive control force. 

Cotillon and Rio (1984) propose the precession cycle. A time range estimated by Ogg et al. 

(1987) could encompass both obliquity and precession cycles. It has not been identified 

which one is closer to the reality. These problems derive mainly from not employing a 

quantitative method for analysis. 

In this chapter, I select three DSDP Holes (391C, 534A and 603B) from the 

Atlantic Ocean for a quantitative study. DSDP Hole 391C, located at 28°13.61'N and 

75°37'W, and DSDP Holt 534A, located at 28°26.6'N and 75°22.9'W, were both drilled 

in the Blake-Bahama Basin and are about 20 km apart. DSDP Hole 603B, located at 

35°29.71'N and 70°01.71'W, was drilled near the western edge of the Hatteras Abyssal 

Plain of the North American Basin, about 775 km northeast of the former two holes (Fig. 

3-1). Cyclic sediments are well developed in these three holes. Furthermore they have 

higher core recovery and bear more detailed information than other DSDP holes and aie 

suitable for spectral analysis. I shall first give an evaluation of my database and present a 

summary of the stratigraphy of DSDP Holes 391C, 534A and 603B. Next, I shall describe 

some general and relevant features of the Atlantic cyclic sediments observed in many DSDP 

sites. Then the study will focus on the three DSDP Holes (391C, 534A and 603B) which 
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Figure 3-1. The location of DSDP Holes 391C, 534A and 603B (revised from 
Ogg, et al., 1987). Hole 391C is about 20 km away from Hole 534A. Hole 603B 
is about 775 km away from the former two holes. 
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have higher core recovery and relatively more stratigraphic constraints. I shall explain how 

a step-like time series is built from the cyclic sediments. Walsh spectral analysis results are 

used to examine the hypothesis that Milankovitch cycles are the ultimate cause of the 

Atlantic cyclic sediment. Finally, the process of cyclic sedimentation will be discussed. 

3-2. The data base 

The data base for the study of Atlantic Ocean cyclic sediments should be evaluated 

for two aspects. The first is stratigraphic data, which is primarily obtained from the relevant 

Initial Reports of the Deep Sea Drilling Project and some related papers. The second is the 

average core recovery of the Lower Cretaceous strata in DSDP Holes 391C, 534A and 

603B. 

Magnetostratigraphy is well studied for DSDP Hole 534A and 603B (Ogg, 1983; 

Ogg, 1987), but there is no such data for Hole 391C. 

The occurrence of foraminifers in the pelagic cyclic sediments is rare, therefore this 

microfossil group provides less biostratigraphic information than nannofossils and 

dinoflagellates. Unfortunately, the number of fossil datums from one certain fossil group in 

an individual hole is not always enough to indicate all stage boundaries for the Lower 

Cretaceous, and their relative positions have some uncertainty because of microfossil 

reworking and dissolution, incomplete core recovery and large sampling spans. Records of 

other fossil groups such as ammonites, radiolarians and ostracoda are much less complete, 

and contribute little chronostratigraphic information at the sites and stratigraphic intervals of 

this study. 

The abundance and density of stratigraphic data (total number of important fossil 

datums plus magnetic events) of the three holes decrease from site 534A to 603B to 391C. 

Since I will build time series directly on the basis of core examination, core 

recovery is crucial for my study. The average core recovery of the Lower Cretaceous 
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interval for the three holes is in descending order: 603B - 75.4 % (from Cores 603B-43 to 

603B-82); 534A - 71.1% (from Cores 534A-42 to 534A-87); 391C - 45.89% (from Cores 

391C-llto391C-38). 

Advantages in carrying out a more detailed study on the periodicity of the cyclic 

sediments recovered from these DSDP holes are: 

a. The possibility of a diagenetic origin for the cyclic sediments from the Early 

Cretaceous Atlantic Ocean has been eliminated by the studies previously published 

(Cotillon and Rio, 1984; Ogg et al., 1987). 

b. Uplift and subsequent exposure has not affected these cyclic sediments from the 

ocean. Diagenetic alternation may have been minor and simple compared to most land 

sections. The cores are well preserved at Lamont Geological Observatory and are easily 

accessible. Core photographs are readily available. 

The disadvantage of this data base is the limitation in core length (9.5 m at most). 

However, this disadvantage is not serious for intervals with low average sedimentation rate 

(e.g. about 1 - 2 cm/k.y.). Suppose the average sedimentation rate is 2 cm/k.y., the 

equivalent time span of the sediments from a fully recovered core (9.5m) is 475 k.y.. With 

this time span, it is possible to detect cyclicities less than 50 k.y. (the obliquity and 

precession) if they exist, and it is also possible to reveal the cyclicities around 100 k.y. (the 

shorter cycles of the eccentricity), but it is impossible to reveal cyclicity longer than 400 

k.y. (the longer cycles of the eccentricity) even if they exist, with the spectral method. The 

other interfering factor is the turbidite interlayers in the cyclic sediments in the upper 

Valanginian to Barremian strata. Two types of turbidite found in these holes are organic-

matter rich claystone and clayey sandstone/siltstone. The fine-grained turbidite layers can 

be subtracted from a core when building a time series, since I observed that they expanded 

the cycles but did not destroy them. However, coarser-grained turbidites have a tendency to 

destroy a part of a pelagic cycle to some degree. Cores with coarse and thick turbidite 
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layers cannot produce time series that are complete and long enough. These cores were not 

included in this study. 

3-3. Lower Cretaceous stratigraphy of the Atlantic Basin and paleowater 

depth of DSDP Holes 391C, 534A and 603B 

3-3-1. Lower Cretaceous stratigraphy 

The spatial occurrence of the Lower Cretaceous cyclic sediments has been briefly 

mentioned in the introduction of this chapter. In this section I will focus on the temporal 

occurrence of the cyclic sediments and the stratigraphy of DSDP Holes 391C, 534A and 

603B. 

The stratigraphy and the correlation of the Lower Cretaceous strata in DSDP Holes 

391C, 534A and 603B are given in Figure 3-2. For reasons of clarity the cores are 

specified only at the location where the stage boundaries are drawn. The stage boundaries 

are determined according to previous studies on biostratigraphy with foraminifers 

(Gradstein, 1978 and 1983), nannofossils (Schmidt, 1978; Roth, 1978 and 1983; 

Covington and Wise, 1987) and dinoflagellates (Habib, 1978 and 1982; Habib and Drugg, 

1983 and 1987), and on lithostratigraphy (Benson and Sheridan, et al., 1978; Gradstein 

and Sheridan, et al., 1983; van Hinte and Wise, et al., 1987). Biostratigraphic data for 

stage boundary determination are listed Appendix 3-1. The Upper Cretaceous/Albian 

boundary in Hole 391C is very uncertain, and the Lower Cretaceous/Jurassic boundary 

was not reached in Hole 603B. The total sediment thickness for the Valanginian, 

Hauterivian and Barremian differs little among the three holes (Fig. 3-2). The difference in 

the Berriasian sediment thickness between Holes 391C and 534A may result from errors in 

fossil data. The difference in the sediment thickness for Aptian and Albian among the three 



27 

391C 534A 

700-

800-

900-

1000-

§11001 

& 1200-

1300-

1400-

1500-

1600-

603B 

UPPER 
CRETACEOUS 

U.CRET. 

Key: 
i i i 
i i i 

Cyclic 
sediments 

] Core Basement 
=1639.5 m 

Figure 3-2. Stratigraphic correlation of Lower Cretaceous strata among DSDP Holes 
391C, 534A and 603B. For reasons of clarity the cores and their number are specified 
only where the stage boundaries are drawn. The areas shadowed by solid vertical lines 
indicate the core location but not the core recovery. The stage boundaries are determined 
using the biostratigraphic data listed in Appendix 3-1. The areas shadowed by dashed 
vertical lines illustrate the occurrence of the cyclic sediments (limestone-marly limestone 
alternation) in Lower Cretaceous strata. 
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holes may be due to both uncertainty in microfossil age and the existence of hiatuses caused 

by turbiditic activities. 

The shadowed areas with dashed vertical lines mark the occurrence of the cyclic 

sediments (limestone-marly limestone alternation) in the Lower Cretaceous strata. The 

cyclic sedimentation of bioturbated limestone and marly laminated limestone was initiated in 

Late Berriasian time and terminated in Late Barremian time. Below the cyclic interval lies 

relatively homogeneous white bioturbated limestone. Above it is the Aptian laminated dark 

claystone with minor carbonate. In Hole 603B, the carbonate alternation is truncated by 

thick siltstone/sandstone turbidites of Barremian-Aptian age. Although the alternations of 

bioturbated limestone and laminated marly limestone terminated in Aptian time, cyclicity in 

the form of subtle color variation continued in the younger clayey strata (Ogg, personal 

communication, 1990). In this study I only consider the alternations of bioturbated 

limestone and laminated marly limestone. 

3-3-2. Paleowater depth estimation 

The present day water depth for DSDP Holes 391C, 534A and 603B are 4974 m, 

4973 m, and 4633 m, respectively. Paleowater depth reconstruction using the back­

tracking technique (Sclater et al., 1985) in DSDP Holes 391C, 534A, 603B is shown in 

Figure 3-3. The computer program BTRACK (for back-tracking) was written by the author 

of this thesis and is listed in Appendix 3-2. For the analysis, the age of basement is 

determined from the magnetic anomaly where the three holes were drilled. Hole 534A 

reached basement, but Holes 391C and 603B did not. The present basement depth of the 

latter two holes is estimated from seismic profiles shown in the DSDP Initial Reports 

Volume 44 and 93 (Benson and Sheridan, et al., 1978; van Hinte and Wise, et al., 1987). 

The age levels (depth of stage boundary) and the corresponding thickness of sediments are 

listed in Appendix 3-1. The numeric ages of basement and stage boundaries used in the 
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BTRACK input file follow the time scale by Kent and Gradstein (1985). Appendix 3-3 

shows the input data file to estimate paleowater depth at DSDP Hole 534A. Hole 534A was 

drilled on marine magnetic anomaly M28 (Gradstein and Sheridan et al., 1983) and the 

numeric age is 159 Ma. Hole 391C was also drilled on the same marine magnetic anomaly 

(Benson and Sheridan, et al., 1978), and Hole 603B is situated on marine magnetic 

anomaly M29 (van Hinte and Wise, et al., 1987) with numeric age of about 160 Ma. The 

density of the sediment column is the average of the bulk density measured in a hole. 

Appendix 3-4 is a sample output file of the program BTRACK. The difference in the 

paleowater depth curves (Fig. 3-3) among DSDP Holes 391C, 534A and 603B is small. 

The difference may partly result from errors in present basement depth estimated from 

seismic profiles and the age levels determined with fossil datums. According to paleowater 

depth curves in Figure 3-3, the Early Cretaceous paleowater depth ranged from 3338 (144 

Ma, Hole 534A) to 4472 m (97.5 Ma, Hole 391C). The average is 3905 m. More 

specifically for the period of interest from Valanginian to Hauterivian time, whose cyclic 

sediments are to be statistically analyzed later, the paleowater depth ranged from 3542 m 

(Hole 534A, 138 Ma) to 3998 m (Hole 391C, 124 Ma). This depth range is comparable to 

the depth range of lower continental rise of modern oceans (Kennett, 1982). This 

paleowater depth is shallower than the modern calcite compensation depth (CCD) in the 

North Atlantic Ocean which is at or deeper than about 5000 m (Berger and Winterer, 

1974). The Lower Cretaceous carbonate sequences themselves indicate that they were 

deposited above the CCD. 

3-4. Features of the cyclic sediments in the Atlantic Ocean 

In every DSDP site where the Lower Cretaceous cyclic sediments were recovered, 

detailed sedimentary descriptions are available. Studies on the cyclic sediments became 

more advanced from leg to leg, and the studies by Cotillon and Rio (1984) and Ogg et al. 
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(1987) are most detailed and systematic and the most outstanding. The following is a 

summary of the features of the cyclic sediments based on previous studies and my own 

observations using core examination in Lamont Geological Observatory and thin section 

examination. 

3-4-1. General character of the sedimentary cycles 

The sedimentary cycles consist of alternations of darker laminated limestone and 

lighter bioturbated limestone as shown on core photographs (Plates 3-1,3-2 and 3-3). 

One cycle is a couplet of darker laminated limestone and lighter bioturbated 

limestone. In a well developed interval there are on average 2-4 laminated/bioturbated 

limestone cycles per meter. The well-developed laminated/bioturbated limestone cycle is 

called a "major cycle" (Cotillon and Rio, 1984). Usually, there is a 1-4 cm transitional zone 

upward from laminated limestone to bioturbated limestone, and there is a 3-8 cm 

transitional zone from bioturbated limestone to laminated limestone. The transitional zone 

may be absent in some cores where a coarse turbidite is present. Relative to the thickness of 

a cycle (25 - 60 cm or more), the transitional zone is rather narrow. Laminated limestone 

and bioturbated limestone are the two end-member sediments in the cycles. Intermediate 

types include laminated limestone with minor bioturbation and bioturbated limestone with 

faint lamination. The intermediate types often occur in the transitional zone. They also 

compose cycles of lesser thickness. In laminated limestone itself, cyclic variation in color 

(darkness) and development of lamination can be observed. These higher-frequency cycles 

range from 5 to 40 cm in thickness and are defined by Cotillon and Rio (1984) as "minor 

cycles". In some intervals, the cyclicity of the sediments appears as minor cycles only. I 

prefer to rename the "major cycles" as "well developed cycles" and the "minor cycles" as 

"less developed cycles". 
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3-4-2. A comparison between laminated limestone and bioturbated 

limestone 

The marly laminated limestone is composed mostly of nannofossils and some clay, 

and is characterized by sub-millimetre alternations of darker clay-rich and lighter clay-poor 

sediments. It is observed in thin sections that the clay-rich laminae are rich in subparallel, 

opaque particles (organic matter and pyrite). The clay-poor laminae are rich in flattened 

micrite of pelletai origin (Cotillon and Rio, 1984) and are usually thicker than the clay-rich 

ones. The boundary of these two kinds of laminae is indistinct. There are no cut/fill 

features in the lamination. These observations have ruled out the possibility that the 

lamination is produced by active bottom currents. Ogg et al. (1987) calculated the average 

calcium carbonate content of the laminated limestone, determined by the Carbonate Bomb 

procedure, in DSDP Hole 603B to be 72% (n=38), and noted that the carbonate content of 

laminated limestone is always lower than that of the adjacent bioturbated limestone by about 

10 percent. The laminated limestone is also darker in color, ranging from dark grey to light 

grey (from Munsell color chart). 

Bioturbated limestone is composed also of nannofossils and mostly thoroughly 

mixed. Compacted burrows of diameter 2 to 12 mm are visible locally in less bioturbated 

portions and in the transitional zone from bioturbated limestone to laminated limestone. It is 

clearly observed that a burrow extends from bioturbated limestone to laminated limestone in 

Section 4 of Core 391C-25. The type of burrow is usually difficult to recognize, though 

Chondrites was locally observed. Haggerty (1987) reported that the burrow size is 

distinctively decreased and Planolites are crosscut by Chondrites in the bioturbated 

limestone when approaching the overlying laminated limestone. Ogg et al. (1987) 

calculated the average calcium carbonate content of the bioturbated limestone in DSDP Hole 

603B to be 80% (n=27). The color of this sediment is lighter, ranging from medium grey 

to white (from Munsell color chart). 
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Color and sedimentary structure, along with carbonate content, are the most striking 

and obvious difference between laminated limestone and bioturbated limestone. The 

following differences are also indicative of the sedimentary conditions under which these 

two sediments were deposited: 

a. Laminated limestone has more organic matter than bioturbated limestone, in which 

it is mainly of terrestrial origin. CHN and Rock-Eval analyses by Meyers (1987) on the 

material from Hole 603B show that the mean organic carbon content in bioturbated 

limestone is 0.22% (n=26) and that of laminated limestone is 1.01% (n=46). The organic 

matter in laminated limestone is both of terrestrial and marine origin, but in bioturbated 

limestone it is mainly of terrestrial origin (Ogg et al., 1987). Abundance of organic material 

seems to have as close a relationship as the calcium carbonate content to sedimentary 

structure and darkness. 

b. The terrestrial clastic component (mainly silt-sized quartz and mica) is more 

common in laminated limestone than in bioturbated limestone (Cotillon and Rio, 1984; Ogg 

et al., 1987). 

c. There is more pyrite in laminated limestone than in bioturbated limestone. Like 

organic material, pyrite increases the darkness of the sediments. 

d. Ogg et al. (1987) observed that there are more clay minerals (undifferentiated in thin 

section) in laminated limestone than in bioturbated limestone. According to Cotillon and 

Rio (1984), the crystallinity of illite is slightly higher in laminated limestone than in 

bioturbated limestone. 

e. Nannofossils are less abundant in laminated limestone, but better preserved and 

more recognizable than in bioturbated limestone. Cotillon and Rio (1984) noted that 

coccoliths dominate in laminated limestone while nannoconids dominate in bioturbated 

limestone. 
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f. Both Cotillon and Rio (1984) and Ogg et al. (1987) reported that in laminated 

limestone there are moie foraminifers whereas in bioturbated limestone there are more 

radiolarians and calcispheres. 

g. Inoceramus fragments, ammonite aptychi (and rare ammonite specimens) and fish 

debris are generally found in laminated limestone rather than in bioturbated limestone (Ogg 

et al., 1987). 

h. For major-element oxides, there is more Si02, MnO, MgO, but less AI2O3, 

Fe203, Ti02 in the bioturbated limestone than in the laminated limestone (Dean and Arthur, 

1987). 

3-4-3. Relationship among sedimentary structures, darkness, carbonate 

content and organic carbon content 

The relationship among sedimentary structure, darkness, carbonate content and 

organic carbon content can be examined by observing the sedimentary structure and 

darkness at the locations sampled for carbonate and organic carbon content analysis. 

Figure 3-4A illustrates the relationship among sedimentary structures, carbonate 

content and organic carbon for the cyclic sediments from DSDP 534A. The carbonate 

content is determined by carbonate bomb technique and organic carbon by Rock-Eval 

analysis (Sheridan and Gradstein et al., 1983). Generally, organic carbon decreases with 

the increase of carbonate content. Bioturbated limestone, with more carbonate, is poor in 

organic carbon. Laminated limestone, with less or the same carbonate percentage, is richer 

in organic carbon than bioturbated 'limestone. Figure 3-4B portrays the relationship among 

sedimentary structure, darkness and organic carbon (laboratory data from Sheridan and 

Gradstein et al., 1983). The color of sediments becomes darker with the increase of organic 

carbon. For this reason, bioturbated limestone is lighter in color than laminated limestone. 
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39 

Figure 3-4 summarizes a generalized relationship among the four aspects. I cannot 

specify whether the relationship is linear or of another type, because, firstly the number of 

data points is limited, and secondly the darkness scale is in discrete integer values. 

3-4-4. Diagenetic overprint 

Except in Berriasian strata, dissolution-compaction induced stylolites are not 

observed. Cotillon and Rio (1984) stressed that there is no trace of diagenetic dissolution in 

the cyclic sequence. However, evidence for preferential diagenetic dissolution in Lower 

Cretaceous sediments is reported through SEM examination (Baltuck, 1987). In the 

laminated intervals nannofossils are affected by dissolution and reprecipitation. However in 

the bioturbated intervals, nannofossils are usually overgrown and radiolaria are mostly 

calcified. There may have been some carbonate migration between these two sediments, but 

it is not known to what degree. 

A comparison in physical properties between the two sediments shows that 

bioturbated limestone generally has higher density and lower porosity than laminated 

limestone. Visual and microscopic examinations give the impression that laminated 

limestone is more compacted than bioturbated limestone. The burrows and radiolarian 

molds in laminated intervals are more flattened (Cotillon and Rio, 1984; Ogg et al., 1987). 

The difference in the degree of compaction between these two sediments can be evaluated 

in two different ways. One is to use the porosity, but this method is not effective in the 

cyclic sequence where stronger cementation in the bioturbated limestone may be a 

complication. The other is to compare the flatness of trace fossils (burrows) or other 

fossils. The comparison of burrows is also not possible as they are rare and not 

identifiable. The effectiveness of the flatness of fossils as an indicator of compaction has 

been questioned by Shinn et al. (1977) who found in a compaction experiment that the 

fossils in calcareous sediments do not break or flatten during compaction. 
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Other types of diagenetic overprint, including early diagenetic dolomite rhombs, are 

found in laminated limestone (Cotillon and Rio, 1984). 

3-4-5. Change in cycle pattern through time 

In the Blake-Bahama Formation, well-developed cycles composed of two strikingly 

different sediments are not dominant throughout. In some intervals one sediment type 

(usually laminated limestone) dominates but with cyclic variations in color. Ogg et al. 

(1987) classified some cycle patterns. Among them, B/L cycle (bioturbated/laminated 

limestone alternation) is well developed; L/BL cycle (laminated/laminated with minor 

bioturbation alternation) and B/BL (bioturbation/laminated with minor bioturbation 

alternation) are less developed; L cycle (laminated limestone with light/dark color variation) 

is poorly developed. The BL/B/L cycle is less developed to poorly developed. With 

dinoflagellate biostratigraphy as age control, Ogg et al. (1987) correlated the change in 

cycle pattern through time in DSDP Holes 603B and 534A. With this observation as a 

guide, I expanded the correlation to Hole 391C with some update in Holes 534A and 

603B. The change in cycle pattern in these three holes is summarized in Figure 3-5. In the 

late Berriasian, the cycle pattern is B/BL (less developed one). In the Valanginian, the cycle 

pattern is fairly changeable. Around middle Valanginian there are two sections of L pattern 

sandwiching a section of B/L pattern. The Hauterivian encompasses well developed and 

less developed cycles. The lower Barremian contains poorly developed cycles and the 

upper Barremian shows less developed to poorly developed cycles. 

3-4-6. Tufbiditic beds within the cyclic sequences 

Starting from the late Valanginian and early Hauterivian, turbiditic beds appear 

increasingly in the cyclic sediments. From latest Valanginian to early Aptian, turbidite 
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Figure 3-5. Correlation of cycle pattern change among DSDP Holes 391C, 534A and 
603B (changes in the former two holes are based on Ogg et al., 1987) from upper Berri­
asian to lower Barremian. L=laminated limestone, B=bioturbated limestone, BL= 
laminated limestone with minor bioturbation. B/L=alternation of bioturbated limestone 
and laminated limestone, etc.. The cores marked with an asterisk (*) are those which are 
analyzed statistically and whose spectra are presented and discussed in this chapter. 
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sedimentation was sporadic in the vicinity of DSDP Holes 391C and 534A (Robertson and 

Bliefnick, 1983, Benson and Sheridan et al., 1978). DSDP Hole 603B was drilled near an 

Early Cretaceous "channel-levee complex" (Sarti and von Rad, 1987) which was active 

since late Valanginian. Figure 3-6 presents the types of turbidite and the percentage for 

DSDP Holes 391C, 534A and 603B from Valanginian to Barremian. 

There are essentially three types of turbidite. Dark homogeneous organic-matter-

rich clay stone, with rare silty laminae at the base (fine-grained turbidite), lacks significant 

grading or other sedimentary structures typical of turbidites and probably is a distal clay-

rich turbidite. The homogeneous appearance and darker color of the fine-grained turbidites 

make it easy to recognize them in the core. Siltstone/sandstone (coarse-grained turbidite) is 

thicker and has a variety of turbiditic sedimentary structures. The fine-grained type appears 

earlier than the coarse-grained type. The coarse turbidite becomes thicker with time. 

Calcareous turbidite occurs only in Holes 391C and 534A. Ogg et al. (1987) noticed that 

there are more claystone turbidite beds in the laminated limestone but there is no such trend 

for siltstone/sandstone turbidites. Both Cotillon and Rio (1984) and Ogg et al. (1987) noted 

that turbidites rarely obliterate the cycles. Although this may be true for the fine-grained 

turbidites, the coarse-grained turbidites might have removed part of a cycle (pelagic 

carbonate). In the area of Hole 603B, the turbiditic deposition of the "channel-levee 

complex" (Sarti and von Rad, 1987) may have removed some pelagic sediments. For 

example, in some cores from Hole 603B (Cores 603B-66 and 603B-67 etc.), the pelagic 

carbonate alternations seem to be less complete after the coarse turbidite is subtracted. 

Between Cores 534A-63 and 534A-68, truncated wavy laminae, minor scour and sharp 

contacts between two types of pelagic sediment have been observed rarely, though there are 

few coarse-grained turbidites. 
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3-4-7. Depositional conditions of the laminated and bioturbated limestones 

From regional comparison and correlation of the cyclic sediments (Fig.3-5), it is 

clear that the cyclic sediments are not the product of diagenetic processes such as 

dissolution and redistribution of carbonate as proposed by Hallam (1986). Further evidence 

against diagenetic origin is that burrows extend from bioturbated limestone to laminated 

limestone. Compaction and possible carbonate dissolution/ reprecipitation may only have 

somewhat enhanced the appearance of the cycles. 

Since the two sediment types in the cycles have primary differences in structure and 

components, they must have been deposited under two contrasting conditions. The 

differences mainly lie in surface bioproductivity, terrestrial input, and oxygen content of the 

bottom water. Laminated limestone, with its high TOC value, high clay content and low 

calcium carbonate, reflects a stratified and stagnant or semi-stagnant ocean with lower 

surface-water productivity and relatively more sediment input from land. More AI2O3, 

Fe203, Ti02 in the laminated limestone also indicate relatively more terrestrial input. 

Concentration of Si02 is also expected to be higher in the laminated limestone with higher 

terrestrial input, but it is low relative to that in the bioturbated limestone (47.08% versus 

53.85%). These may be explained by the abundant radiolaria in the bioturbated limestone. 

The deeper water was depleted of oxygen and unfavorable to benthic communities. 

Therefore lamination was formed and more organic matter was preserved. Lower MnO 

concentration is also a indicator of bottom water with less oxygen (Froelich, 1979; Balzer, 

1982). The un-oxidized organic matter also served as reductant so that pyrite formed in the 

laminated limestone. The sedimentation rate for laminated limestone is relatively low, based 

on the preferential occurrence of fish debris and ammonite aptychi in laminated limestone 

(Ogg et al., 1987). The reason may be the decreased bio-productivity. In contrast, the 

bioturbated limestone reflects a well-convected ocean. There must have been enough 

oxygen supplied to the bottom so that the benthic communities flourished and prevented the 
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formation of lamination and preservation of organic matter. More MnO is another indicator 

of high oxygen content in the bottom water (Balzer, 1982). More radiolaria and more 

calcium carbonate indicate higher surface-water productivity (Premoli Silva, et al.; 1989). 

Therefore, the sedimentation rate for the bioturbated limestone might be higher than that for 

laminated limestone. It is also unlikely that the difference in carbonate content between the 

laminated limestone and bioturbated limestone is because of the change in dissolution of 

carbonate related to the fluctuations in lysocline as proposed by Arthur (1979) or to the 

CCD as suggested by Einsele (1982). In the laminated limestone, there is relatively more 

foraminifers than in the bioturbated limestone. Since foraminifers are less resistant to 

dissolution than nannofossils (Kennett, 1982), if the lower carbonate content of the 

laminated limestone mainly resulted from mere extensive dissolution during deposition, 

there would not be more foraminifers in it. 

The observation that the transition zone from laminated limestone to bioturbated 

limestone is generally thinner than the one from bioturbated limestone to laminated 

limestone means that the transition from the conditions associated with laminated limestone 

deposition to conditions associated with bioturbated limestone deposition may be faster 

than the reverse transition. I postulate that the anoxic conditions for laminated limestone 

deposition could have been easily disturbed and changed to oxic conditions with an 

oceanogr jhic turnover., but the establishment of anoxic condition from oxic conditions 

may have taken a longer time. 

3-5. Core selection for statistical analysis and sedimentation rate 

The criteria used for selecting cores from DSDP Holes 39IC, 534A and 603B for 

statistical analysis were: 

a. There are as few fine-grained turbidites as possible and no coarse-grained 

turbidites; 
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b. There is no indication of scours. 

c. There is low core disturbance and good coring continuity, though small voids in 

core recovery can be corrected; 

d. The core recovery should be at least 50%, and the core should be at least 5 meters 

long after fine- grained turbidites are subtracted. 

With these criteria, the number of cores qualified for statistical analysis is limited. 

The selected cores whose power spectra are to be presented and discussed in this chapter 

from DSDP Holes 391C, 534A, and 603B are indicated in Figure 3-5 with an asterisk (*). 

These cores are from the lower Hauterivian (Cores 391C-24, 391C-25,534A-69, 534A-70 

and 603B-69 connected with 603B-70), Valanginian (Cores 391C-31,391C-32, 534A-74, 

534A-75, 603B-74 and 603B-76) and upper Berriasian (Cores 391C-34, 391C-36, 534A-

83, 534A-84, 603B-81 and 603B-82). The cores from younger strata are unsuitable 

because of low recovery, excessive turbiditic interlayers and strong core disturbance. 

Although Hole 603B has higher average core recovery than the other two holes, it has less 

suitable cores for statistical analysis as it contains more coarse and fine turbiditic 

interlayers. Several other cores from Holes 39 IC, 534A and 603B were analyzed 

statistically , but their spectra are not presented because no new information was obtained. 

The sedimentation rate shown in Table 3-1 is for pelagic components only 

(laminated and bioturbated limestone); turbidites are subtracted in the estimation. The 

average sedimentation rates for the intervals with cores suitable for statistical analysis are 

estimated at substage to stage level. The stage (sub-stage) boundaries are determined with 

paleontological data (refer to Appendix 3-1). The numeric ages in millions of years for the 

boundaries are from the time scale of Kent and Gradstein (1985). As Holes 534A and 

39IC are very close and the sediment thickness varies little for Hauterivian, Valanginian 

and Berriasian strata in these two holes, the average sedimentation rate estimated for Hole 

534A should also be representative of that of Hole 39IC. The upper Berriasian and lower 

Berriasian boundary in Hole 603B was not reached and the average sedimentation rate of 
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Table 3-1. Estimated average pelagic sedimentation rate from biostratigraphic 
data (Appendix 3-1). 

Age (Ma)* 

Depth of age boundary **, thickness of pelagic sediments 
and estimated average sedimentation rate 

Hole 534A*** Hole 603B 

i—127.5-

L.Haut. 

•131-

Yal. 

•138-

U.Beir. 

141-

—1099 m 

62 m 
i. 78 cm/ky 

1168 m-

79 m 
1.13 cm/ky 

1243 m' 

AA m 
1.47 cm/ky 

•1287 m-

•1404 m 

37.3 m 
1.07 cm/ky 

•1459 m 

66 m 
0.83 cm/ky 

1549 m-

* The numeric ages are from the time scale of Kent and Gradstein (1985). 
** Refer to Appendix 3-1 for the details of stage boundary determination. 
*** Also representative for DSDP Hole 39IC. The upper Berriasian sedi­

mentation rate is used as an approximation for DSDP Hole 603B. 
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the upper Berriasian was not estimated for Hole 603B. I shall use the pelagic sedimentation 

rate estimated from Hole 534A as an approximation in dealing with upper Berriasian 

sediments from Hole 603B (Cores 603B-81 and 603B-82). 

There are several sources of error for the estimated average sedimentation rate 

shown in Table 3-1. Firstly, the stage boundaries from the fossil events have uncertainty 

because of dissolution of nannofossils and foraminifers, and reworking. However, this 

problem does not seem to be serious for the stage (substage) boundaries involved in the 

estimation, as the first occurrences of dinoflagellates are often used. Secondly, the duration 

of Cretaceous stages given by the published time scales deviate from each other. The time 

scale of Kent and Gradstein (1985) gives an intermediate duration (7 my) for the 

Valanginian, in comparison to the time scales published in the past two decades (van Hinte, 

1976; Harland et al., 1982; Odin et al , 1982; Kent and Gradstein, 1985; Hallam et al., 

1985; Haq et al., 1987 and Harland et al., 1990), ranging from 5 to 9 my. However, the 

durations for the Hauterivian and Berriasian (7 my and 6 my respectively) from Kent and 

Gradstein (1985) are at the long duration end among the estimates given by the published 

time scales. Thirdly, the thickness of pelagic sediments obtained after the subtraction of 

turbiditic interlayers may be less than actually deposited. The average sedimentation rate for 

Hole 603B is lower than for coeval strata in Hole 534A (Table 3-1), especially for the 

lower Hauterivian. This may be because there are more turbidites, especially the coarse 

siltstone/sandstone type, in Hole 603B than in Hole 534A (Fig. 3-6). The turbiditic 

currents that laid down coarse-grained deposits may have removed part of the pelagic 

sediments in some intervals. In the upper part of the lower Hauterivian strata, such clues of 

current erosion as truncated wavy laminae, minor scour and sharp contact between two 

types of pelagic sediment are evident. Therefore, I take the estimated average sedimentation 

rate for lower Hauterivian and upper Berriasian in Table 3-1 as minimum values. 
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3-6. Spectral analysis of the cyclic sediments 

3-6-1. Time series generation from cyclic sediments 

Detailed sedimentological study included barrel sheet, core photographs and core 

examination of the cyclic interval. Dr. J. G. Ogg of Purdue University measured the 

thickness of different pelagic sediments in the cycles in terms of sedimentary structure and 

darkness and coded the sediments. Turbidites were also recognized, measured and coded. 

The detailed Iithological log in DSDP Holes 39IC, 534A and 603B by Dr. Ogg serves as a 

sound basis for time series generation. The percentage of turbidites and pelagic sediments 

are calculated from the cored sediments for each core. Among some of the cores selected, 

whole-round samples (5 to 25 cm long) had been taken (Core 534A-69, Core 603B-76 and 

Core 603B-81) which left a gap in the record. In these cases the types of sediments in the 

whole-round sample intervals were estimated from the surrounding sediments, and the 

thickness of pelagic sediments in the sampled intervals were estimated by assuming that the 

percentage of the turbidite in a whole-round sample is the same as in the core where it came 

from. The void and breaks in a core were treated in the same way as whole-round samples. 

After the subtraction of turbidites from the core and the correction and compensation of 

whole-round sample, void and breaks (if there is any), a pelagic sediment column is 

produced. 

The time series is built from the code of pelagic sediment column. The first part of 

the code reflects the sedimentary structures. L stands for lamination; B for bioturbation; BL 

for lamination with minor bioturbation and LB for bioturbation with faint lamination. The 

second part reflects the darkness. The darkness is determined with the Munsell color chart 

where 1 = black, and 10 = white. Coding is done in this way because both sedimentary 

structures and the darkness of the sediments are the most visually obvious features of the 

sediments and the most indicative of different depositional conditions. Based on the 
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structure of the code, I devised formulae to convert the code into discrete time-series with 

values varying from -1 to +1. The values +1, +0.5, -1, -0.5 are assigned to the 

sedimentary structures bioturbation (B), bioturbation with faint lamination (LB), lamination 

(L) and lamination with minor bioturbation (BL) respectively. The formulae for converting 

the structure code and color code to time series are: 

time series value = 1 * color code/9.5 (B); 

time series value = 0.5 * color code/9.5 (LB); 

time series value = -1 * (10 - color code)/8 (L); 

time series value = -0.5 * (10 - color code)/8 (BL). 

Here the structure code determines the sign and the magnitude of the value of the 

time series. The color code helps to adjust the magnitude of the value. The reason for using 

numbers 8 and 9.5 to divide the color code is that the actual darkness variation observed, 

with the Munsell color chart, in the cyclic interval varies from the value 2 (dark) to 9.5 

(light). Use of these two numbers ensures that the value of the time series generated with 

the above formula varies from -1 to +1. Conversion in this way to approximate the cyclic 

sediments is based on the general relationship among sedimentary structures, darkness, 

carbonate content and organic carbon content (Figure 3-4). 

Figure 3-7 is an example of the time series generated. The time series is step-like 

and is an "end-member" representation of the visually observed variation in the lithology. 

The portions with code value smaller than zero represent laminated marly limestone of 

varying darkness, and the portions with code value greater than zero correspond to light 

bioturbated limestone. The code value decreases (towards -1) if the sediments are more 

laminated and darker, and increases (towards +1) if the sediments are more bioturbated and 

lighter in color. 
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Figure 3-7. An example of time series generated directly from Iithological features (Core 
534A-74). The code value is calculated with the formula described in 3-6-1. In the 
waveform the portions with code value smaller than zero stand for laminated marly 
limestone of varying darkness, and the portion with code value greater than zero for 
light bioturbated limestone. The time series does not include turbiditic sediments and 
the length does not correspond to the depth in core. 
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3-6-2. Results of Walsh spectral analysis and their interpretation 

The Walsh spectral analysis used the program WSPEC described in Chapter 2. The 

sampling interval in Walsh spectral analysis for North Atlantic sediments varied from 0.53 

to 1.5 cm, but is always less than the thickness of the thinnest Iithological layer. Judging 

from the lowest estimated average pelagic sedimentation rate in Table 3-1 (0.83 cm/k.y. for 

Valanginian strata of Hole 603B), this range of sampling interval represents an equivalent 

duration of 0.63 k.y. to 1.80 k.y. at most. 

One way to test the stability of the frequency components in a time series is to 

divide a time series into two subsections and calculate sub-section spectra from them (Negi 

and Tiwari, 1983; Weedon, 1985). Because the time series built from the Atlantic Ocean 

cyclic sediments is not long enough to be divided in two, I am not able to carry out the 

stability test as done later on the longer time series dealt with in Chapters 4 and 5. 

The power spectra of time series for the three DSDP holes are shown in Figures 3-8 

to 3-16. For the convenience of examination and interpretation, the cores presented in each 

figure have the same average sedimentation rate ( see Table 3-1). The horizontal axis of 

each figure is the frequency value (cycles/meter) and the vertical axis is the spectral power 

value. The horizontal line is the 90% confidence level. Time base, the length of the time 

series being analyzed, is specified on every spectrum. The bandwidth is indicated by a 

short horizontal bar. The important frequency peaks are marked with their wavelength in 

centimetres. The corresponding duration converted from estimated average sedimentation 

rate is indicated in brackets. The wavelength ratios of the important frequencies are also 

indicated. The frequency peaks in the very low frequency portion (<0.5 cycles/meter) are 

ignored, although some have high power value, as they are the first or second division of 

the time base, and are too imprecise to represent the position of the frequency in that 

portion. 
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Figure 3-8. The power spectra of time series from DSDP Hole 39IC. A. Core 
391C-24. B. Core 391C-25. The horizontal line is the 90% confidence level (c.l.) 
after Nowroozi (1967). Time base is the length of the time series being analyzed. 
The number of sampling points is indicated by n. The bandwidth is expressed by 
a short horizontal bar. The important frequency peaks are marked with their 
wavelength in centimetres, with corresponding durations from the estimated 
average sedimentation rate in brackets. The wavelength ratios of the important 
frequencies are also listed. 
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Figure 3-9. The power spectra of time series from DSDP Hole 39IC. A. Core 
391C-31. B. Core 391C-32. The horizontal line is the 90% confidence level (c.l.) 
after Nowroozi (1967). Time base is the length of the time series being analyzed. 
The number of sampling points is indicated by n. The bandwidth is expressed by 
a short horizontal bar. The important frequency peaks are marked with their 
wavelength in centimetres, with cotresponding durations from the estimated 
average sedimentation rate in brackets. The wavelength ratios of the important 
frequencies are also listed. 
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Figure 3-10. The power spectra of time series from DSDP Hole 391C. A. Core 
391C-34. B. Core 391C-36. The horizontal line is the 90% confidence level (c.l.) 
after Nowroozi (1967). Time base is the length of the time series being analyzed. 
The number of sampling points is indicated by n. The bandwidth is expressed by 
a short horizontal bar. The important frequency peaks are marked with their 
wavelength in centimetres, with corresponding durations from the estimated 
average sedimentation rate in brackets. The wavelength ratios of the important 
frequencies are also listed. 
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Figure 3-11. The power spectra of time series from DSDP Hole 534A. A. Core 
534A-69. B. Core 534A-70. The horizontal line is the 90% confidence level (c.l.) 
after Nowroozi (1967). Time base is the length of the time series being analyzed. 
The number of sampling points is indicated by n. The bandwidth is expressed by 
a short horizontal bar. The important frequency peaks are marked with their 
wavelength in centimetres, with corresponding durations from the estimated 
average sedimentation rate in brackets. The wavelength ratios of the important 
frequencies are also listed. 
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Figure 3-12. The power spectra of time series from DSDP Hole 534A. A. Core 
534A-74. B. Core 534A-75. The honzontal line is the 90% confidence level (c.l.) 
after Nowroozi (1967). Time base is the length of the time series being analyzed. 
The number of sampling points is indicated by n. The bandwidth is expressed by 
a short horizontal bar. The important frequency peaks are marked with their 
wavelength in centimetres, with corresponding durations from the estimated 
average sedimentation rate in brackets. The wavelength ratios of the important 
frequencies are also listed. 
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Figure 3-13. The power spectra of time series from DSDP Hole 534A. A. Core 
534A-83. B. Core 534A-84. The horizontal line is the 90% confidence level (c.l.) 
after Nowroozi (1967). Time base is the length of the time series being analyzed. 
The number of sampling points is indicated by n. The bandwidth is expressed by 
a short horizontal bar. The important frequency peaks are marked with their 
wavelength in centimetres, with corresponding durations from the estimated 
average sedimentation rate in brackets. The wavelength ratios of the important 
frequencies are also listed. 
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Figure 3-15. The power spectra of time series from DSDP Hole 603B. A. Core 
603B-74. B. Core 603B-76. The horizontal line is the 90% confidence level (c.l.) 
after Nowroozi (1967). Time base is the length of the time series being analyzed. 
The number of sampling points is indicated by n. The bandwidth is expressed by 
a short horizontal bar. The important frequency peaks are marked with their 
wavelength in centimetres, with corresponding durations from the estimated 
average sedimentation rate in brackets. The wavelength ratios of the important 
frequencies are also listed. 
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Figure 3-16. The power spectra of time series from DSDP Hole 603B, A. Core 
603B-81. B. Core 603B-82. The horizontal line is the 90% confidence level (c.l.) 
after Nowroozi (1967). Time base is the length of the time series being analyzed. 
The number of sampling points is indicated by n. The bandwidth is expressed by 
a short horizontal bar. The important frequency peaks are marked with their 

wavelength in centimetres, with corresponding durations from the estimated 
average sedimentation rate in brackets. The wavelength ratios of the important 
frequencies are also listed. 
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In the interpretation of the power spectra, I shall use the wavelength ratios of the 

frequency peaks and the corresponding durations, to test the hypothesis of previous 

researchers (Dean et al., 1976; Cotillon and Rio, 1984; Ogg et al., 1987) that the cyclic 

sediments from the North Atlantic Ocean are the result of Milankovitch cycles. The 

wavelength ratios are examined and compared with the the ratios of present-day periods of 

the orbital elements (Table 3-2). This comparison is valid because the modern periods of 

the orbital elements is nearly the same as in the Cretaceous, and the present-day periods are 

accurately calculated by Berger (1977). 

The use of ratios for interpretation is independent of absolute time and thus avoids 

errors brought in by sedimentation rate estimation. The ratio method was used by Molinie 

and Ogg (in press) in analyzing Upper Jurassic and the Lower Cretaceous sedimentary 

cycles of the equatorial Pacific where stratigraphic constraints are uncertain. However, 

there are some interfering factors and limitations to this method. Firstly, some of the ratios 

of orbital element periods are very similar. For example, the O/Pl ratio is 2.15 and the 

El/O ratio is 2.31. Also the P2/P1, E2/E1 and 0/P2 ratios are 1.25, 1.30 and 1.73 

respectively. Therefore, a definite interpretation sometimes cannot be derived solely in the 

light of the wavelength ratio. Secondly, there are errors in wavelength ratio which may 

result from imprecision in the position of the frequency peaks in the low frequency domain. 

Thirdly, possible differential compaction of the more calcareous beds and the marl beds, as 

is suggested by thin-section examination, can also introduce errors into the wavelength 

ratio of two compacted sedimentary alternations. Figure 3-17 illustrates my theoretical 

consideration of the third interfering factor. Suppose that cycle A and cycle B are two major 

representative cycles found in a cyclic sequence with an original (uncompacted) wavelength 

ratio of 2. After compaction the wavelength ratio of these two cycles remains unchanged 

only if the Iithological proportion and the difference in compaction between the two 

lithologies are the same in these two cycles (Fig. 3-17A). In reality, varying proportions of 

the two lithologies and difference in compaction between the lithologies in the two cycles 



Table 3-2 Ratios of the modern periods of the precession (PI, P2), obliquity and 
eccentricity (El, E2) cycles to each other. Orbital periods are according to Berger 
(1977). 

Periods (k.y.) 
PI P2 0 El E2 

(19.0) (23.7) (41.0) (94.9) (123.3) 

Ratio of precession period (PI) to other orbital 1.00 0.80 0.46 0.20 0.15 
periods 

Ratio of precession period (P2) to other orbital 1.25 1.00 0.58 0.25 0.19 
periods l 

Ratio of obliquity period (O) to other orbital 2.15 1.73 1.00 0.43 0.33 
periods 

Ratio of eccentricity period (El) to other orbital 4.99 4.07 2.31 1.00 0.77 
periods 

Ratio of eccentricity period (E2) to other orbital 6.49 5.20 3.01 1.30 1.00 
periods 
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A Same Iithological proportion, equal difference in compaction: 
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R = 2:l ^ 

% compaction ^ 

50% compaction ^ 

60% compaction 

50% compaction w 

A' Wa' = 9L/20 

B ' ^ Wb'=13L/60 

Wa/Wb = 2.00 Wa'/Wb' = 2.08 
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Wa = L 
R = 2:l 

70% compaction ^ 
50% compaction ^ 

60% compaction w 
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A' s 

^y2 B I B' 
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A' 

B' 

PS 
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Wb' = 9L/40 

Wa/Wb = 2.00 Wa'/Wb' = 2.07 
Figure 3-17. A theoretical comparison of wavelength ratio of two original (uncompacted) 
sedimentary cycles (A and B) and that of two corresponding compacted cycles (A' and 
B') with influences from varying Iithological proportion and differential compaction. The 
shadowed area represents the marly portion and the un-shadowed area the calcareous 
portion. L is the the unit length. W and W are the wavelength of the uncompacted and 
compacted cycles respectively. R is the original Iithological proportion (marly portion to 
calcareous portion). 



65 

are more likely as discussed above. These differences will certainly make the compacted 

wavelength ratio deviate from the ideal ratio (Fig. 3-17B, C, D), that reflects the 

relationship between cyclic sedimentation and long-term cyclic climatic change. According 

the theoretical calculation in Figure 3-17, the deviation of observed ratio in the sediments 

from the ideal one ranges from 3.5% (Fig. 3-17D) to 15.5% (Fig. 3-17C), if the case in 

Figure 3-17A is not considered. Fourthly, when a spectrum yields only one frequency 

peak, though a rare situation, the ratio method cannot be applied. 

Since the ratio comparison can be affected by the above factors, the duration in 

thousands of years of the frequency peaks, as converted from estimated average 

sedimentation rate should also be examined. Mutual constraint of ratio comparison and 

duration examination is expected to achieve more certain interpretation. For example, when 

the observed wavelength is 1.28, between the P2/P1 ratio (1.25) and the E2/E1 ratio 

(1.30), and the corresponding durations are 25.6 k.y. and 20 k.y., it is more reasonable to 

relate the observed ratio (1.28) to the P2/P1 ratio, even supposing there is a maximum error 

of 40% in the estimated average sedimentation rate used for the conversion. In the 

interpretation of the power spectra, the length of the time series can provide another 

constraint. It can be expected that the shorter cyclicities are more readily revealed by the 

spectral analysis than the longer cyclicities when the corresponding time span of a time 

series, judging from the average sedimentation rate, is not at least four times longer than the 

longer orbital periodicity (eccentricity). Also, when a wavelength ratio is not involved with 

peak(s) from the low frequency range (< 1 cycles/m), it is more reasonable to compare it 

with the theoretical ratios of shorter periodicities (of higher frequencies) such as the P2/P1, 

O/Pl and 0/P2 ratios and ignore the ratios of longer periodicities (of lower frequencies) 

such the E2/E1, E2/0 ratios, even though they may also be near the observed wavelength 

ratio. On the other hand, if an observed ratio involves peak(s) from the low frequency 

range (< 1 cycles/m), it is more reasonable to compare it with the ratios of longer 
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periodicities (of lower frequencies) such the E2/E1, E2/0 ratios. Therefore the duration and 

relative position of the peaks are also important in the testing. 

In Figure 3-8A (Core 391C-24), the wavelength ratio of the frequency peaks a and 

b is 1.71. This is close to the 0/P2 ratio (1.73, see Table 3-2). The corresponding 

durations of the peaks a and b are 61.6 k.y. and 35.9 k.y. respectively. For peak a, the 

duration is longer than the obliquity period and, for peak b, the duration is longer than the 

precession period. This may result from uncertainty in the average sedimentation rate (1.78 

cm/k.y.), considering that it is borrowed from Hole 534A and is a minimum for the early 

Hauterivian. If a higher sedimentation rate were used, the durations would be reduced and 

would be nearer the obliquity and precession periods. Therefore, peak a in this core may 

correspond to the obliquity cycle and peak b to the precession cycle. In Figure 3-8B (Core 

391C-25), the wavelength ratio of the frequency peak a to b is 1.50, which is near the 0/P2 

ratio (1.73, see Table 3-2) and that of peaks a to c is 1.83, which is near the O/Pl ratio 

(2.15, see Table 3-2). Furthermore the ratio of peak b to c is 1.22. This is very close to 

P2/P1 ratio (1.25, see Table 3-2). In this case, though peak a has a longer duration (46.4 

k.y.) than the obliquity cycle and both peaks b and c have longer duration (31.3 k.y. and 

25.6 k.y.) than the precession cycle, which may be explained by the error in sedimentation 

rate, I interpret peak a to be the obliquity cycle (41 k.y.) and peaks b and c to be the two 

precession cycles (23.7 k.y. and 19.0 k.y.). 

In Figure 3-9A (Core 391C-31) the wavelength ratio of peaks a to b is 1.55 and is 

near the 0/P2 ratio (1.73, see Table 3-2). According to the average sedimentation rate from 

Hole 534A, the duration of peaks a and b are 69.2 k.y. and 44.8 k.y respectively. The 

disagreement between the wavelength ratio and the duration may be due to error in the 

average sedimentation rate. However, if the peaks were to be explained by the wavelength 

ratio, i.e., peak a related io obliquity cycle and peak b to precession cycle, the actual 

sedimentation rate would be almost twice as high as the estimated average rate. As there is 

not an excessive turbidite contribution in Valanginian strata of Hole 534A and the duration 
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of the Valanginian from the time scale of Kent and Gradstein (1985) is intermediate among 

the published time scales, there should not be a big error in the estimated sedimentation 

rate. Furthermore, the cycles of Core 391C-31 belong to the L pattern (Fig. 3-5). Many 

sedimentological features from the L pattern suggest a low sedimentation rate. Therefore, 

just according to the duration using estimated sedimentation rate, I relate peak b to the 

obliquity cycle. However, the weaker peak a is hard to relate to the obliquity cycle directly. 

The ratio of peaks a to b is also difficult to be compared with any theoretical ratios involved 

with the eccentricity cycles, such as E2/E1, El/O and E1/P2 (1.30, 2.31 and 4.07, see 

Table 3-2) with the duration of peak b being around the periodicity of the obliquity. Peak a 

might be the result of non-linear interaction in the earth system as postulated by Wigley 

(1976). This case shows that the ratio comparison method can be sometimes invalid 

without the control from duration from the estimated sedimentation rate. In Figure 3-9B 

(Core 391C-32) the wavelength ratio of peaks a to b is 3.39 and is near the E2/0 ratio 

(3.01, see Table 3-2). The duration of peaks a and b are 97.9 k.y. and 28.8 k.y, according 

to the average sedimentation rate from Hole 534A (1.13 cm/k.y.), respectively and they are 

both shorter than the eccentricity cycle (123.3 k.y.) and the obliquity cycle. Mainly 

according to the wavelength ratio, 1 relate peak a to the eccentricity cycle and peak b to the 

obliquity cycle. 

In Figure 3-10A (391C-34), the wavelength ratio of peaks a to b is 2.67, near the 

El/O ratio (2.31, see Table 3-2), that of a to c is 4.00, near the E1/P2 ratio (4.07, see Table 

3-2), that of a to d is 5.01, near the El/Pl ratio (4.99, see Table 3-2), that of b to c is 1.50, 

near the 0/P2 ratio (1.73, see Table 3-2), that of b to d is 1.88, near the O/Pl ratio (2.15, 

see Table 3-2) and that of c to d is 1.25, equal to the P2/P1 ratio (Table 3-2). The durations 

of peaks a, b, c and d, from the estimated sedimentation rate in Hole 534A, are 123 k.y., 

46.1 k.y., 30.7 k.y. and 24.6 k.y. Both the wavelength ratio and the duration strongly 

suggest that peak a relates to the eccentricity cycle (94.9 k.y.), peak b to the obliquity cycle 

(41 k.y.) and peaks c and d to precession cycles (23.7 k.y. and 19.0 k.y.). In Figure 3-
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10B (391C-36) two strong peaks (b and c) appear around the position of 2 cycles/meter, 

followed by a much weaker peak (d) which may correspond to the peak d in Figure 3-10A. 

The wavelength ratio of peaks a to b is 2.17, near the El/O ratio (2.31, see Table 3-2). The 

wavelength ratio of peaks a to c is 2.67, near the El/O and E2/0 ratios (2.31 and 3.01, see 

Table 3-2). The wavelength ratio of peaks a to d is 3.33, near the E2/0 and E1/P2 (3.01 

and 4.07, see Table 3-2). The durations of peaks a, b, c and d, from the estimated 

sedimentation rate from Hole 534A, are 83.6 k.y., 38.6 k.y., 31.4 k.y. and 25.1 k.y. I 

tentatively conclude that peak a is related to the eccentricity cycle and peak b to the obliquity 

cycle. Peak d may be a product of the precession cycle. However, peak c seems difficult to 

relate to either obliquity or precession cycles. This peak might be the result of non-linear 

interaction in the earth system as postulated by Wigley (1976). 

In Figure 3-11A (Core 534A-69) the wavelength ratio of peaks a to b is 1.83 and is 

very near the 0/P2 ratio (1.73, see Table 3-2). The duration of peaks a and b are 53.7 k.y. 

and 29.3 k.y, according to the average sedimentation rate (1.78 cm/k.y.), respectively. 

Both the wavelength ratio and the duration from average sedimentation rate imply that peak 

a could result from the obliquity cycle and peak b from the precession cycle, though the 

durations are longer. In Figure 3-1 IB (Core 534A-70) the wavelength ratio of peaks a to b 

is 1.57 and is near the 0/P2 ratio (1.73, see Table 3-2). The duration of peaks a and b are 

54.7 k.y. and 34.8 k.y. respectively. The position of peak a in Figure 3-1 IB is almost the 

same as its counterpart in Figure 3-11A (peak a), but the position of peak b in Figure 3-

1 IB is shifted to the left and the wavelength is longer. This may relate to such geological 

processes as difference in compaction and changes in sedimentation rate. In spite of the 

small variation, both the wavelength ratio and the duration from average sedimentation rate 

indicate that peak a could be the result of the obliquity cycle and peak b of the precession 

cycle. 

In Figure 3-12A (Core 534A-74) the wavelength ratio of peaks a to b is 1.53 and is 

near the 0/P2 ratio (1.73, see Table 3-2). The duration of peaks a and b are 45.3 k.y. and 
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29.6 k.y., respectively. Both the wavelength ratio and the duration from average 

sedimentation rate indicate that peak a could result from the obliquity cycle and peak b from 

the precession cycle. The actual sedimentation rate for Core 534-74 should be higher than 

the average one (1.13 cm/k.y.). In Figure 3-12B (Core 534A-75) there are three peaks. 

Two of them (peaks a and b) appear in the similar position to peak a in Figure 3-12A, but 

are shifted slightly to the left. The position of peak c is almost the same, but also slightly 

shifted to the left, as its counterpart in Figure 3-12A (peak b). The small differences in 

power spectrum structure may be because of both slight fluctuation in sedimentation rate 

and variation in differential compaction among the two cores. In Figure 3-12B (Core 534A-

75) the wavelength ratio of peak a to c is 1.88 and that of b to c is 1.50. The first ratio is 

near the 0/P2 ratio (1.73, see Table 3-2) and the latter is also near the 0/P2 ratio (1.73, see 

Table 3-2). The durations of peaks a, b and c are 58.9 k.y., 47.1 k.y. and 31.4 k.y.. 

According to the wavelength ratios and the durations, I relate peaks a and b to the obliquity 

cycle and peak c to the precession cycle. The reason that the duration of these peaks is 

larger than obliquity and precession, periods may be that the estimated average 

sedimentation rate is lower than the actual one. 

In Figure 3-13A (Core 534A-83) the wavelength ratio of peaks a to b is 3.32, near 

the E2/0 and E1/P2 ratios (3.01 and 4.07, see Table 3-2), that of peaks a to c is 5.16, near 

the El/Pl ratio (4.99, see Table 3-2), and that of peaks b to c is 1.55, near the 0/P2 and 

P2/P1 ratios (1.73 and 1.25, see Table 3-2). The duration of peaks a, b and c are 83.6 

k.y., 25.1 k.y. and 16.2 k.y. respectively, the latter two being near precession duration. 

Therefore, I tentatively relate peaks a to the eccentricity, and peaks b and c to the precession 

cycles. The power spectrum structure of Figure 3-13B (Core 534A-84) is somewhat 

different. There is no peak at around 4.2 cycles/m, but a new and strong peak appears in 

the position of about 3.25 cycles/m. The wavelength ratios of peaks a to b is 2.18. The 

wavelength ratio of peaks b to c is 1.25. The first ratio is near the O/Pl ratio (2.15, see 

Table 3-2). The second one is equal to the P2/P1 ratio. The durations of peaks a, b and c 
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from the estimated sedimentation rate are 57.6 k.y, 26.4 k.y. and 21.2 k.y.. According to 

both the wavelength ratios and the duration, peak a can be related to the obliquity cycle and 

peaks b and c can be related to precession cycles. 

In Figure 3-14 (connected Cores 603B-69 and 603B-70) the wavelength ratios of 

peaks a to b and peaks a to c are 1.73 and 2.18. They resemble the 0/P2 and O/Pl ratios 

(1.73 and 2.15, see Table 3-2). The ratio of peaks b to c is 1.26 and is near the P2/P1 ratio 

(1.25, see Table 3-2). The durations of peaks a, b and c from average sedimentation rate 

(1.07 cm/k.y.) are 61.8 k.y., 35.8 k.y. and 28.3 k.y. Considering that the sedimentation 

rate for the low Hauterivian strata of Hole 603B is underestimated (see Section 3-5 Core 

' selection for statistical analysis and sedimentation rate), the duration for the 
\ 

cycles from this estimation may be longer than the actual ones. Mainly from the wavelength 

ratios and the durations, peak a could be the result of the obliquity cycle and peaks b and c 

of the precession cycle. If the estimated average sedimentation rate were higher, the 

durations of the peaks would fit well with the interpretation from the wavelength ratio. 

In Figure 3-15A (Core 603B-74), there are four peaks. Peaks b, c and d are 

closely adjacent. The wavelength ratios of peaks a to b, a to c and a to d are 3.00, 3.33 and 

3.67 respectively. The former two resemble the E2/0 ratio (3.01, see Table 3-2). The third 

one is between the E2/0 and E1/P2 ratios (3.01 and 4.07, see Table 3-2). The durations of 

peaks a, b and c from average sedimentation rate (0.83 cm/k.y.) are 126.5 k.y., 42.2 k.y. 

and 38.0 k.y.. Both the wavelength ratios and the durations from average sedimentation 

rate lead me to interpret peak a as the result of the eccentricity cycle and peaks b and c of the 

obliquity cycle. Although the wavelength ratio of peak a to d is much greater than the E2/0 

ratio (3.01), I still tentatively relate peak d to the obliquity cycle because of the fact that 

peak d is near peak b and c in position and because the duration of peak d (34.5 k.y.) is 

still fairly near the obliquity period. The actual sedimentation rate may have fluctuated 

around the average one. Figure 3-15B (Core 603B-76) presents a seemingly complicated 

power spectrum structure. There are two strong peaks (a and b) in the position between 2 
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to 3 cycles/m followed by a much weaker peak c. The third strong peak (d) appears at 

about 4.25 cycles/m followed by two weaker peaks (e and f). When examining the 

wavelength ratios of peak a to d (1.75), peak b to e (1.89) and peak c to f (1.69), it is 

interesting to find that those are all near the 0/P2 ratio (1.73, see Table 3-2). The durations 

of peaks a, b and c are 50.1 k.y., 42.2 k.y. and 34.8 k.y. They are near the obliquity 

period. The durations of peaks d, e and f are 28.7 k.y., 22.3 k.y. and 20.6 k.y., near 

precession periods. Both the wavelength ratios and the durations from average 

sedimentation rate strongly indicate that peaks a, b and c could result from the obliquity 

cycle and peaks d, e and f from the precession cycle. The correspondence of several peaks 

to one orbital cycle, for example the obliquity cycle, may reflect fluctuation in 

sedimentation rate. The fact that the ratio of the stronger peak a to d is near 0/P2 ratio but 

the duration of the peaks are longer than the obliquity and precession periods indicate that 

the actual sedimentation rate for this core must be higher than the estimated average one. 

There are three peaks in Figure 3-16A (Core 603B-81) to be considered. The 

wavelength ratios of peak a to b and peak b to c are 2.60, 2.08 respectively. The former is 

between the El/O and E2/0 ratios (2.31 and 3.01, see Table 3-2) and the latter near the 

O/Pl ratio (2.15, see Table 3-2). The wavelength ratio of peaks a to c is 5.40 and is 

between the E2/P2 and E2/P1 ratios (5.20 and 6.49, see Table 3-2). The durations of peaks 

a, b and c are 100.0 k.y, 38.6 k.y. and 18.6 k.y. according to the average sedimentation 

rate borrowed from Hole 534A (1.47 cm/k.y.). Based on both the wavelength ratios and 

duration, I attribute peak a to the eccentricity cycle, peak b to the obliquity cycle and peak c 

to the precession cycle. In Figure 3-16B (Core 603-82), peak a appears in a position 

comparable to that for peak b in Figure 3-16A; peak c appears in the same position as peak 

c in Figure 3-16A. However, peak b in Figure 3-16B has no counterpart in Figure 3-16A. 

The wavelength ratios of the peaks a to b and a to c are 1.62 and 2.62. The wavelength 

ratio of peak b to c is L62. The durations of peaks a, b and c from the estimated 

sedimentation rate are respectively 46.1 k.y., 28.4 k.y. and 17.6 k.y. The first ratio is near 
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the 0/P2 ratio (1.73, see Table 3-2) and the second one is near the O/Pl ratio (2.15, see 

Table 3-2). The third one is also near the 0/P2 ratio (1.73, see Table 3-2), but with the 

control of the durations and the other two ratios it should be compared with the P2/P1 ratio 

(1.25, see Table 3-2). As the estimated sedimentation rate for upper Berriasian strata of 

Hole 603B is a minimum (see Section 3-5 Core selection for statistical analysis 

and sedimentation rate), the durations of the peaks may represent the maximum. Based 

on both the wavelength ratios and duration, I tentatively assign peak a to the obliquity cycle 

and peaks b and c to precession cycles, though the ratio of peak b to c is much greater than 

the P2/P1 ratio (1.25, see Table 3-2). 

3-7. Discussion 

3-7-1. The relative importance of orbital elements in controlling cyclic 

sedimentation in the Early Cretaceous 

From the examination and the interpretation of the power spectra with both 

wavelength ratios and duration based on estimated average pelagic sedimentation rate, it can 

be stated with confidence that the Early Cretaceous cyclic sediments from the North Atlantic 

Ocean are orbitally induced. Obliquity signals are almost always found in the spectra 

presented. Precession signals are also common but usually less strong than obliquity 

signals. Weak to strong eccentricity signals are detected in some cores. 

Two reasons are suggested to explain why eccentricity signals were not detected in 

some cores. Firstly, some cores do not have an equivalent duration that is long enough for 

a statistically stable detection of the eccentricity signal, and in comparison with the other 

two orbital elements eccentricity cycles are the most variable (quasi-periodic). This may 

explain why in the spectra of the cores from lower Hauterivian strata there have been no 

eccentricity signals detected. Taking Cores 534A-69 and 534A-70 as an example, with a 
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estimated average sedimentation rate of 1.78 cm/k.y., which actually is a minimum, the 

equivalent durations are about 322 k.y and 382 k.y respectively. Both values are less than 

three to four times of the average of the two shorter eccentricity cycles (about 100 k.y.). 

Secondly, in the period under discussion the eccentricity cycle may have played a weak 

role. This reason may explain why there is an eccentricity signal in Core 391C-32, but no 

eccentricity signal in Core 391C-31, despite the fact that Core 391C-31 is longer than Core 

391C-32 in equivalent duration. 

The observation from the spectra presented that in most cases the obliquity signal is 

stronger than the precession signal, if the eccentricity signal is not considered, may provide 

a clear view of the relative strengths of precession and obliquity for the Early Cretaceous. 

There have been conflicting opinions regarding this subject. Studies by Cotillon and Rio 

(1984) and Park and Herbert (1987) give the impression that precession cycles are the 

stronger orbital element. According to Dean et al. (1976) and Herbert et al. (1988), the 

obliquity cycle played a more important role. My results from the Atlantic Ocean suggest 

that obliquity and precession cycles worked together but the influence of the obliquity cycle 

appears to be stronger. According to a simulation by Park and Oglesby (in press), the 

effects of precession and obliquity in the Cretaceous (100 Ma) varies with location. In the 

case of the Early Cretaceous Atlantic Ocean, it seems there is also some temporal variation 

in the relative strengths of orbital elements. Therefore, there may not be a universal 

conclusion as to which of the orbital elements is more important in a certain geological 

period. To understand the whole situation, there must be case by case studies. 

3-7-2. The mechanism of orbital-induced cyclic sedimentation in the Early 

Cretaceous North Atlantic Ocean 

Since Milankovitch-type cyclicity is now detected quantitatively in Lower 

Cretaceous cyclic sequences, it is important to answer the question how orbital elements 
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have induced the cyclic sedimentation in the study area. The origin of the Lower Cretaceous 

cyclic sediments in the North Atlantic Ocean has been widely discussed by Robertson and 

Bliefnick (1983), Cotillon and Rio (1984), Dean and Arthur (1987), Haggerty (1987) and 

Ogg et al. (1987). Climatic change has been proposed as the most possible cause by some 

of the mentioned researchers (Robertson and Bliefnick 1983; Cotillon and Rio, 1984; Ogg 

et al, 1987). Each of them portrays the process with different emphasis on some factors, 

such as bio-productivity, terrigenous clastic input, organic matter input, bottom current 

variation and dissolution, but the pictures are not clear and conflicts between explanations 

often occur, especially in relating sediment type (laminated/bioturbated limestone) to 

particular climatic conditions. Although sedimentological aspects are not the major topic of 

my study in the North Atlantic Ocean, I also attempt to pursue this question further. I shall 

start with an examination of previous worker's ideas on cycle formation and then present a 

more complete model, with the accumulated sedimentological evidence, especially those 

presented in Section 3-4 Features of the cyclic sediments from the Atlantic 

Ocean. 

There are some contradictions between Cotillon and Rio (1984) and Robertson and 

Bliefnick (1983) in explaining how the laminated limestone was deposited. Cotillon and 

Rio (1984) linked the laminated limestone to a dry climatic period and bioturbated limestone 

to a wet period. Robertson and Bliefnick (1983), in contrast, propose a humid climatic 

period for laminated limestone. I cannot accept the explanation by Cotillon and Rio (1984) 

as it is difficult to see how the elastics and terrestrial organic matter were transported to the 

ocean in a dry period. If the carrier of the terrestrial input is not rivers, the next most 

possible candidate must be strong wind. If the convection in the atmosphere was vigorous, 

the ocean could not have been 'motionless and stratified', as proposed by Cotillon and Rio 

(1984), to account for the preservation of the organic matter and the lamination. Therefore, 

the explanation by Robertson and Bliefnick (1983) might be more realistic. There must be 

more rainfall and runoff under a humid climate. More elastics and terrestrial organic matter 
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are produced and transported to the ocean in humid periods. In the Early Cretaceous North 

Atlantic Ocean, stratification of water column and oxygen depletion in the bottom water 

could have resulted from the input of a large amount of fresh water and organic matter from 

the surrounding land. 

Haggerty (1987) convincingly showed that oxygen content in bottom water was 

decreased when the laminated limestone was deposited and he proposed a periodically 

enhanced nepheloid layer, with more terrigenous detritus and organic matter from the 

Tithonian-Barremian deltas around the basin, as the cause, with weak bottom current 

involved. However, he did not link the development of the nepheloid layer to any particular 

climatic phases. 

Dean and Arthur (1987) proposed that the lamination-bioturbation cycles are due to 

fluctuations in bottom-current intensity. They suggested that laminated limestone was 

deposited under more active bottom currents and the sedimentation rate for laminated 

limestone might be higher. Their explanation conflicts with some important 

sedimentological evidence. The fact that there are more Inoceramus fragments, ammonite 

aptychi (and rare ammonite specimens) and fish debris in the laminated limestone than in 

the bioturbated limestone (Ogg et al., 1987) is against a higher sedimentation rate. Most 

laminations are regular and parallel and lack indication of enhanced current such as grading 

and ripples. Therefore, this model should be discarded in this case. 

Ogg et al. (1987) suggested that lamination-bioturbation cycles were induced by 

simultaneous but independent changes in ocean circulation and terrestrial runoff in response 

to a common climatic driving factor. It was proposed that during laminated episodes the 

climate was probably humid and the terrestrial input, in the form of clay, silt and plant 

debris, was slightly higher, and the circulation of the ocean (upwelling activity, bottom 

currents, etc.) was less active and the productivity was decreased. For the bioturbated 

episodes, the ocean circulation was increased and the terrestrial input was decreased. This 

scenario has almost no contradiction with the sedimentological evidence and should be 
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favoured. However, it is possible that there are some interactions between the changes in 

terrestrial input and the ocean circulation, instead of being totally independent, and the 

linkage between the orbitally induced climatic changes and the corresponding changes that 

happened in the ocean and on land need to be more fully specified. 

On the basis of the explanations by the previous researchers, a more complete 

model is illustrated in Figure 3-18. It can be explained as follows: 

In the Early Cretaceous, the proto-Atlantic-Tethys Seaway was roughly an east-

west-trending ocean basin about 1000-1500 km wide (Sarti and von Rad, 1987) with large 

landmasses in the south and north (present North and South America, Africa). The 

paleolatitude of this basin was about 10°N to 35°N (Barron, 1987). For such a 

paleogeogiaphic setting, it can be expected that the major orbital element affecting seasonal 

and annual latitudinal distribution of solar insolation is the obliquity cycle, and precession 

is less important during most of the Berriasian-Hauterivian. Figure 3-19 shows simplified 

atmospheric circulations from Equator to Pole. With these atmospheric circulation cells, the 

distribution of climatic zones is essentially parallel to the latitude (Hanwell, 1980), though 

there are some complications from landmass distribution. With the variations in the orbital 

elements, the intensity of solar insolation over the latitudinal intervals changes accordingly. 

This in turn causes the changes in size of circulation cells and the movement of these cells 

towards Equator or Polar (Fig. 3-19). Corresponding changes affect the climatic zones. In 

this way, the cyclic change of solar insolation can induce two climatic phases that alternate 

cyclically over a vast latitudinal band (zone) on earth. As discussed below, the cyclic 

climate changes can be particularly obvious over an area with a latitudinal ocean and some 

adjacent landmasses. 

In high solar insolation periods, both the ocean and the land receive more energy 

from the sun. Because of the great difference in thermal inertia between water and rock, the 

temperature increase of the ocean is much smaller than that of the landmass. In this period, 

the land-sea thermal contrast is great in summer time, resulting in higher precipitation when 
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Figure 3-19. Atmospheric circulation and variations under the control of orbital elements. A. Simplified 
circulations from Equator to Pole (after Hanwell, 1980). B and C.illustrate graphically the differences in the size 
and position of these cells between highest and lowest insolation phase. Highest insolation phase corresponds to 
smallest tilt (the obliquity) and ellipticity (eccentricity), and the occupation of summer solstice at the nearest point 
from the Sun, when the Hadley cell and Ferrel cell expand and move towards the pole and the polar cell decreases 
(B). The lowest insolation phase corresponds to greatest tilt and ellipticity, and the occupation of winter solstice at 
die farthest point from the Sun, when the Hadley cell and Ferrel cell become smaller and move towards the the 
equator and the polar cell expands and moves towards the equator (C). 
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more hot air rises over the continent to be replaced by moist cooler marine air, but the 

summer-winter temperature difference is relatively small because the ocean serves as a 

thermal reservoir. In this phase, the climate has a smaller seasonal contrast in temperature 

and is rainy. An "equable", warm and rainy climate favours the weathering of rocks, 

especially chemical weathering, and more clay minerals are formed on land. The high 

runoff because of higher precipitation increases terrestrial input of clay minerals (kaolinite 

and illite) and siliciclastic silt to the ocean. Also, nepheloid drift may be enhanced in the 

ocean. The rainy climate and high runoff may also lead to more precipitation than 

evaporation in the sea area and produce a surface water of lower salinity which may show 

seasonal variations. Under an "equable" climate, the reduced equator-pole temperature 

contrasts during an increased solar insolation period may cause decreases in wind strength, 

upwelling and deep circulation. Total bio-productivity is reduced in this phase because of 

less nutrient supply. Warm surface water with varying and decreased salinity and nepheloid 

drift, though also warm, may not be suitable for most planktonic species to "bloom". The 

deep water is poorly oxygenated because of both slow deep circulation and consumption of 

oxygen in oxidizing the large amount of terrestrial organic matter. The activity of benthic 

organisms is greatly limited. Under such conditions, dark and finely laminated limestone to 

marly limestone with more clay minerals and organic matter is deposited. 

In low insolation phases, the total energy from the sun is decreased. There is a 

smaller land-sea thermal contrast in the summer, making it less rainy in comparison with 

the summer in high insolation phases. The seasonal contrasts (winter, summer) in 

temperature become pronounced as the ocean is less effective as a thermal reservoir. The 

winter also becomes drier. Consequently, the climate in a low insolation phase is colder, 

drier and more windy. A colder and drier climate hinders the weathering of rock, especially 

chemical weathering, and less clay minerals were formed on the land. The dilution of 

terrestrial input was reduced because of low precipitation and hence runoff. Increased wind 

strength may have activated current circulation in the ocean. Planktonic species have 
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increased abundance because the surface water has less stratification caused by fresh-water 

influx. The surface water therefore experiences greater nutrient replenishment from deeper 

levels in a period of increased upwelling. One indicator of more fertile surface water in the 

low isolation phases is the increased abundance of radiolarians in the bioturbated 

limestone. Unfortunately, there is no study to tell whether there is a diversity difference 

between the bioturbated and laminated limestones. A higher diversity is actually a better 

indicator of more fertile surface water (Mudie, personal communication, 1991). The deep 

water is well oxygenated and benthic organisms are active (more bioturbation), snaking 

organic materials less preservable. In such climatic phases, white bioturbated limestone 

with little organic matter is deposited. 

The above model is supported by most of the sedimentological evidence to date. 

For example, the warmer climate and the corresponding depositional conditions for 

laminated limestone ar supported by more terrestrial clastic components (mainly silt-sized 

quartz and mica) and clay, fewer radiolarians and calcispheres and the presence of 

Inoceramus fragments, ammonite aptychi (and rare ammonite specimens) and fish debris. 

The only disagreement is that isotopic analysis results (Baltuck, 1987) show a more 

negative 5180 value for bioturbated limestone than laminated limestone. A more negative 

8180 value suggests a higher surface temperature. This contradiction may be explained by 

diagenetic alteration of the stable isotope ratio. SEM examination by Baltuck (1987) has 

revealed that there is calcite overgrowth and dissolution in the limestones. 

This model can also explain why more cyclic sequences are found in the western 

North Atlantic Ocean than in the eastern North Atlantic Ocean. As the major orbital element 

that causes cyclic climatic changes as was described over the east-west-trending Early 

Cretaceous Atlantic Ocean, the effect of the obliquity cycle is expected to be more 

pronounced over the northern part of the Cretaceous Atlantic Ocean (now western North 

Atlantic Ocean) and the adjacent landmass (North America) than over the southern part 

(now eastern North Atlantic Ocean) and the adjacent landmass (Africa and South America). 
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Though my results indicate that the obliquity cycle can work as a major force over 

precession in a lower latitude range (about 10°N to 35°N), its strength may still be 

somewhat latitudinally dependent in this area. 

Oglesby and Park (1989) used a Community Climate Model (CCM) to s-'mulate the 

effect of precessional insolation changes on the Cretaceous climate. Their results in south 

proto-Asia suggest that the January-July difference of land surface temperature is greater in 

a low insolation phase than in a high insolation phase. Both in January and July, the 

specific humidity and precipitation is higher in a high insolation phase than in a low 

insolation phase. Although the simulation by Oglesby et al. (1989) is simplistic and limited 

because it did not include obliquity variation and fixed the surface temperature of the ocean 

as a constant, their results support my explanation of climatic-induced cyclic sedimentation 

in the Early Cretaceous Atlantic Ocean. 

3-7-3 Cyclic sedimentation and geological history of the North Atlantic 

Ocean 

The geological history of North Atlantic Ocean can be studied with the cyclic 

sequences by answering the following questions: 

1. Why was carbonate cyclic sedimentation initiated in late Berriasian time? 

2. Why did carbonate cyclic sedimentation terminate in latest Barremian time? 

3. Why is there a cycle pattern change (Fig. 3-5) in the cyclic sequences? 

The first two questions have been answered at least partially by Ogg et al. (1987) 

and Ogg (1989, personal communication). Ogg (1989, personal communication) proposed 

that the initiation of carbonate cycles was probably the result of northward extension of the 

Atlantic basin and Ogg et al. (1987) suggested that the termination of the carbonate cycles 

was caused by regional shallowing of the carbonate compensation depth (CCD). In this 

section I shall concentrate on the third question above. As my detailed study is limited to 

I —" I 
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the upper Berriasian to lower Hauterivian strata, I shall deal mainly with the cycle pattern 

change in this interval. In this interval there are several cycle changes correlatable among 

the three DSDP Holes (Fig. 3-5). From the late Berriasian to earliest Valanginian the cycle 

pattern is B/BL. In most of the early Valanginian to early late Valanginian there are two L 

cycle intervals sandwiching one short B/L cycle interval. From the latest late Valanginian to 

early Hauterivian the cycle pattern is B/L (see Fig. 3-5 and Section 3-4-5 Change in 

cycle pattern through time). 

Figure 3-20 is a comparison among the actual pelagic sedimentation rate (cm/k.y.) 

determined from cyclic sediments, cycle patterns and the presence of calcareous turbidites. 

The actual pelagic sedimentation rate is calculated on the basis of spectrum examination and 

interpretation. For example, as the peak a in Figure 3-8B (Core 391C-25) is related to 

obliquity according to the wavelength ratios and the duration from the estimated average 

sedimentation rate with fossil data and the time scale of Kent and Gradstein (1985), the 

actual sedimentation rate for this core is derived by dividing the wavelength of peak a (83.6 

cm) with the obliquity periodicity in the Early Cretaceous (39 k.y.) to yield 2.15 cm/k.y.. 

This is higher than the estimated value of 1.78 cm/k.y. for the coeval interval in Hole 

534A. In most cases, I used the peaks corresponding to the obliquity, which are usually the 

stronger peak(s) in a power spectrum, in the calculation, as the obliquity cycle has only one 

dominant periodicity (39 k.y. for the Early Cretaceous). In cases where peaks 

corresponding to the obliquity are less strong than peaks corresponding to the precession 

cycles, I employed precession signals and divided the wavelength with an average 

periodicity of 20 k.y. for the Early Cretaceous. Table 3-3 lists the actual pelagic 

sedimentation rates of the cores from the three DSDP holes derived using the approach 

described. This table also reveals that from the Berriasian to early Hauterivian, the obliquity 

is the dominant controlling orbital element, but sometimes the precession may be more 

important. 

I I 
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Figure 3-20. A correlation between the change in cycle pattern (refer to Figure 3-5), 
presence of calcareous turbidites (refer to Figure 3-6 for the percentage) and the actual 
pelagic sedimentation rate determined with spectral analysis results. 
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Table 3-3 Actual pelagic sedimentation rate determined with spectral 
analysis results. 

391C 

Core 
No.* 

24 
(Haut) 

25 
(Haut) 

27 
(Val) 

30 
(Val) 

31 
(Val) 

32 
(Val) 

34 
(Berr) 

36 
(Berr) 

Wave­
length 
(cm)** 
109.7 
(o) 
83.6 
(o) 

57.7 
(o) 
65.9 
(o) 
50.6 
(o) 

32.5 
(P) 
67.8 
(o) 
56.7 
(o) 

Actual Rs 
(cm.k.y.) 

2.81 

2.14 

1.48 

1.68 

1.30 

1.60 

1.74 

1.45 

534A 

Core 
No.* 

66 
(Haut) 

68 
(Haut) 

69 
(Haut) 

70 
(Haut) 

73 
(Val) 

74 
(Val) 

75 
(Val) 

77+78 
(Val) 

80 
(Val) 

83 
(Berr) 

84 
(Berr) 

Wave­
length 
(cm)** 
53.5 & 
45.3 (p) 
100.5 
(o) 
95.6 
(o) 
97.3 
(o) 

68.0 & 
57.5 (o) 

51.2 
(o) 

66.6 & 
53.2 (o; 

44.8 
(o) 
50.3 
(o) 
36.9 
(P) 
84.7 
(o) 

Actual Rs 
(cm.k.y.) 

2.47 

2.58 

2.45 

2.49 

1.61 

1.31 

1.54 

1.15 

1.28 

1.84 

2.17 

603B 

Core 
No.* 

69+70 
(Haut) 

74 
(Val) 

75 
(Val) 

76 
(Val) 

77 
(Val) 

80 
(Val) 

81 
(Berr) 

82 
(Berr) 

Wave­
length 
(cm)** 

61.8 
(o) 

35.0 & 
31.5 (o) 
36.7 & 
31.5(o) 

41.6 & 
35.0 (o) 

33.2 
(o) 

37.4 
(o) 
56.7 
(o) 

67.8 
(o) 

Actual Rs 
(cm.k.v.) 

1.69 

0.85 

0.87 

0.98 

0.85 

0.96 

1.45 

1.73 

* In the brackets is the geological age. 
** The wavelength of major peaks in a power spectrum. In the brackets is the 
interpretation (o = obliquity, p = precession) of the peaks from both wavelength 
ratio and time duration in k.y. from the estimated average pelagic sedimentation 
rate with biostratigraphic data. 



85 

This comparison ;ihows two important features. Firstly, the actual pelagic 

sedimentation rate is lower in the L cycle interval than in the B/BL and B/L intervals. This 

agrees with the deduction from sedimentological evidence. Secondly, in both Holes 39IC 

and 534A, calcareous turbidites occur in and near the L cycle interval. This correlation is 

most evident in Hole 534A. These lines of evidence suggest that the possible cause for the 

change in cycle pattern is related to long-term changes in background oceanographic 

setting. Since the laminated limestone is deposited under anoxic conditions according to the 

model discussed in 3-7-2. The mechanism of orbital-induced cyclic 

sedimentation in the Early Cretaceous North Atlantic Ocean, an interval 

dominated by laminated limestone reflects a period when the background oceanographic 

setting was lack of oxygen. In these periods, the excursion of cold episodes, accompanied 

by increased circulation, rarely brought the oxygen depleted bottom water back to a state 

with enough oxygen. Therefore, bioturbated limestone with some lamination or partially 

bioturbated limestone rather than the fully bioturbated limestone were deposited. Likewise, 

the late Berriasian to the earliest Valanginian B/BL interval reflects a background 

oceanographic setting which is more ventilated. The B/L interval in the late Valanginian and 

the early Hauterivian represents an ocean which easily shifted from well circulated to 

stratified. I believe that the L intervals, which reflect periods generally lacking oxygen, may 

have been related to higher relative sea level. Valanginian oceanic anoxia has been 

documented by Jenkyns (1980), although this was not as extensive as that during the 

Aptian and Albian. It has been suggested that there is coincidence between late stage of 

transgression and oxygen depletion, and that transgression leads to global warming, a 

sluggish ocean and eventually oxygen depletion (Schlanger and Jenkyns, 1976; Fischer 

and Arthur, 1977). 

The correlation of L cycle intervals with calcareous turbidites (compare Figs. 3-5, 

3-6 and 3-20) also implies a high stand when the intervals were deposited. The source of 

calcareous turbidites could be part of the carbonate platform developed on the margin of the 
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basin which was drowned by rapidly rising relative sea-level and destroyed by wave 

action. This correlation is seen in DSDP Sites 391 and 534, but not in DSDP Site 603. That 

may be due to the fact that DSDP Site 603 is located north of DSDP Sites 391 and 534, and 

the carbonate platform on its nearby shelf was not well developed or had died out before 

the relative sea-level rise. The development of a carbonate platform in the Late Jurassic to 

Early Cretaceous Atlantic Ocean has been reported a::d studied by Schlee et al. (1976), 

Folger et al. (1979), Tucholke and Mountain (1979) and Jansa (1981). Contemporary 

carbonate platform development along the African (central Moroccan) margin has also been 

identified by von Rad et al. (1979), Hinz et al. (1982), Winterer and Hinz (1984) and von 

Rad and Arthur (1985). The drowning of the carbonate platform during the Valanginian is 

recognized from calcareous turbidites in the DSDP Hole 416A (Schlager, 1980). All these 

regional data and the positive correlation among lower pelagic sedimentation rate, 

calcareous turbidites and L cycle pattern vstrongly support the link between the L cycle 

interval and a higher relative sea-level peridd. 

The correlation of the L intervals of low sedimentation rate with higher sea levels is 

also supported by the correlation between eustatic sea level changes and variations of total 

and calcium carbonate sedimentation rates in the last 50 million years in the Pacific Ocean 

(Worsley and Davies, 1979) . Worsley and Davies (1979) found that both the total and 

calcium carbonate sedimentation rate were lower in higher sea level periods than in lower 

sea level periods and explained the observation with a reduced biogenous deposition in the 

ocean basin because of more biogenous precipitation on the shelves during high stand. 

Figure 3-21 is a correlation of L intervals in DSDP Hole 534A and the eustatic 

curve by Haq et al. (1987). On this figure, the numeric ages on the right side are the same 

as in the paper by Haq et al. (1987). Long term sea level change from the Valanginian to 

the earliest Aptian is from low to high. The highest sea level occurred in the latest 

Hauterivian and the earliest Barremian. The short term sea level changes in the latest 

Berriasian and the entire Valanginian are characterized by two major low sea level periods 
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and two major high sea level periods with great amplitude. However the short term sea 

level changes during the Hauterivian and Barremian are featured with low amplitude, 

higher frequency oscillations towards higher sea level. The L interval from the bottom of 

Core 79 to the middle of Core 78 may correlate with the high sea level (on the short term 

curve) in the early Valanginian when a major transgression happened. The L interval from 

the bottom of Core 76 to the top Core 75 may correlate to the higher sea level (on the short 

term cave) in the late Valanginian after a major sea level drop. The L interval the bottom of 

Core 57 to the top of Core 54 may correlate to the late stage of high sea level on the long 

term curve in the early Barremian. 

An interesting observation arising from Table 3-3 is that in most cases the actual 

pelagic sedimentation rates determined with orbital signals in sediments are higher than the 

average sedimentation rate estimated with biostratigraphic data using the time scale of Kent 

and Gradstein (1985) (see Table 3-1). The difference is fairly large for cores from lower 

Hauterivian strata. These differences can only be partly explained by the presence of coarse 

turbidites which may have removed some pelagic carbonate as such turbidites first occur in 

the latest Valanginian in Hole 603B and in the late Hauterivian in Hole 534A. The other 

possible implication of this observation is that the stage duration from the time scale of 

Kent and Gradstein (1985) which I employed for sedimentation rate estimation may be 

longer than the actual one. In a further chapter, an attempt will be made to calculate the 

duration of some Lower Cretaceous stages with the actual pelagic sedimentation rate 

derived from statistical analysis. 

3-8. Conclusions 

1. My quantitative examination of the Lower Cretaceous cyclic sequences of the 

Atlantic Ocean generally support the hypothesis that they are the product of cyclic climatic 

changes controlled by the Milankovitch orbital cycles, as shown by wavelength ratios of 
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the important peaks in the power spectra and their durations from estimated average 

sedimentation rate. 

2. The peaks in the power spectra usually can be related to obliquity and precession 

cycles and some peaks seem to correspond to the eccentricity cycle. Obliquity seems to be 

the most important and persistent orbital element responsible for cyclic sedimentation in the 

Early Cretaceous Atlantic Ocean. Precession usually played a less important role. 

Eccentricity cycles also worked with obliquity and precession from time to time with 

varying importance. The more important role of the obliquity cycle may be due to the fact 

that in the Early Cretaceous time the proto-Atlantic-Tethys Seaway was a roughly east-

west-trending ocean basin, parallel to the distribution of climatic zones. The combination of 

the three orbital elements displays some change with time. This is an indication that the 

pattern of cyclic climatic variation under the control of orbital elements changed with time. 

However, the mechanism of the change is unclear and should be the subject of future 

study. 

3. Based on the orbital elements identified from Walsh spectral analysis, available 

sedimentological evidence, paleogeographic information and the ideas of previous 

researchers, a mechanism for cyclic sedimentation under the control of orbit-induced 

climatic variation for the Early Cretaceous Atlantic Ocean is proposed. In this general 

mechanism, the carbonic production cycle in the ocean and cycle of terrestrial input are 

both believed to be the major sedimentary responses to climatic variations. I link dark 

laminated limestone to warm, humid climatic phases and white bioturbated limestone to 

cold and dry climatic phases. 

4. The actual pelagic sedimentation rates were calculated for some cores using the 

results of spectral analysis. The actual pelagic sedimentation rates are usually higher than 

the estimated average pelagic sedimentation rates based on stratigraphic data and the time 

scale of Kent and Gradstein (1985). The implication is that stage durations from the time 
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scale I used may be longer than actual and that some sediments have been removed by 

coarse turbidites. 

5. The changes in cycle pattern are- interpreted to be reflection of changes in the 

background oceanographic setting, according to the cyclic sedimentation mechanism 

proposed. The changes in oceanographic background setting are related to relative sea-level 

fluctuations, as is supported by other evidence such as variation in actual pelagic 

sedimentation rate and the correlation of L cycle intervals with calcareous turbidites. 



CHAPTER 4 

LOWER CRETACEOUS CYCLIC SEDIMENTS FROM THE VOCONTIAN 

BASIN (FRANCE) 

4-1. Introduction 

Lower Cretaceous cyclic sediments are well developed in the Vocontian Basin 

(southern subalpine ranges, southeastern France) (Fig. 4-1). During the Early Cretaceous 

southeast France and the adjacent Swiss Alps were on the northern continental margin of 

the Tethys Ocean (Trumpy, 1975), which was connected to the Atlantic Ocean. The cyclic 

sediments are alternations of more calcareous sediments (limestone to slightly marly 

limestone) and marly sediments (marly limestone to marl with minor claystone). Excellent 

exposures of these sediments are found in the Angles-Vergons sequences. 

Detailed studies of mineralogy, organic and inorganic geochemistry and 

micropaleontology were carried out on the cyclic sediments by Cotillon (1971), Cotillon et 

al. (1979,1980), Cotillon and Rio (1984) and Darmedru et al.(1982). A diagenetic origin 

of the cjclic sequence was rejected in these studies because of systematic variations in 

composition and micropaleontology. There is good evidence to support climatic control 

over the cyclic sedimentation. Cotillon and Rio (1984) estimated a duration of 16,000 k.y. 

for Valanginian cycles and of 20,000 k.y. for Hauterivian cycles and proposed a 

correlation with Milankovitch cycles (precession). In their study the time scale of Kennedy 

and Odin (1982) was used, with durations of 7 Ma and 5 Ma for the Valanginian and 

Hauterivian, respectively. Cotillon and Rio (1984) presented cyclograms of the Angles-

Vergons sequences of the Vocontian Basin and showed that the variation of major cycle 

number per 15 meters in the Angles-Vergons sequences correlates with the variation of 

major cycle number per core in the cyclic sediments from DSDP Holes 534A, 535 and 540 

in the Atlantic Ocean. The correlation using cyclograms in this way implies the assumption 
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Figure 4-1. The location of the Angles-Vergons sequences. The Vocontian Basin is 
about 10,0002km in area. The Angles sequence is about 5 km away from the 
Vergons sequence (after Cotillon and Rio, 1984). 



93 

that the ratio of the sedimentation rate between the two locations should be constantly 

15:9.5, and the results imply that the cyclic sedimentation in the two locations is uniform. 

In this study, I shall explore some aspects of the cyclic sequences in a way which 

were not adopted in the previous studies. The major database for this study is detailed field 

Iithological logging on the same sequences studied by Cotillon et al. (1979, 1980) and 

Cotillon and Rio (1984). Previous studies in biostratigraphy (Busnardo, et al., 1979; 

Moullade and Thieuloy, 1967) and in mineralogy, organic and inorganic geochemistry and 

micropaleontology on the cyclic sediments were carried out by Cotillon (1971), Cotillon et 

al. (1979, 1980), Cotillon and Rio (1984) and Darmedru et al. (1982) and serve as 

important background information. First, I shall focus on building time series on the basis 

of detailed field Iithological logging of the same sequences (Valanginian and Hauterivian 

interval), and analyze the time series with the Walsh spectral method to examine the 

regularity of the cycles and to test if they were induced by orbital variation and to find out 

what orbital elements were present. My quantitative results more convincingly show the 

existence of Milankovitch-like cycles in the sequences. Relying on the field observation, 

statistical analysis of this study and available sedimentological evidence accumulated in 

previous studies (Cotillon, 1971; Cotillon et al, 1979, 1980; Cotillon and Rio, 1984; 

Darmedru et al.,1982), the relationship between orbital elements and pelagic cyclic 

sedimentation will be discussed. In this case study, an attempt is also made to estimate 

stage duration with the results of quantitative analysis on the cyclic sequences. My results 

indicate that orbitally induced sedimentary cycles are a useful tool for geochronological 

study, but should be used with caution. 
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4-2. Stratigraphy and general characteristics of the Angles-Vergons 

sequences 

The Angles-Vergons sequences are located near the southeast edge of the 10,000 

km2 Vocontian Basin (southeast France), whose boundary is defined by the extent of 

pelagic facies (Fig. 4-1). The two sequences, about 5 km apart, are not only well exposed 

on road cuts, but also are an important reference for Berriasian through Barremian 

biozonations (Busnardo, et al., 1979; Moullade and Thieuloy, 1967). That makes the 

Angles-Vergons sequences the best target for studying the cyclic sediments in the 

Vocontian Basin. 

In the Angles-Vergons sequences the sediments between Berriasian and Aptian 

change from highly calcareous to marly to more calcareous again (Cotillon, 1971). Cyclic 

sediments are well-developed in the Valanginian and Hauterivian. The Valanginian-

Hauterivian Angles-Vergons sequences are part of the broader Tithonian-Albian outcrop in 

the Vocontian Basin. Berriasian beds lack significant marly intervals, but are probably also 

cyclic. Barremian strata display subtle Iithological alternations. My study of the Valanginian 

cycles was carried out in the Angles sequence, which is the parastratotype of the 

Valanginian, and study of Hauterivian cycles is in the Vergons sequence where the lower 

and upper boundaries of the Hauterivian are well defined by ammonites (Busnardo, et al., 

1979; Moullade and Thieuloy, 1967). 

Lower Cretaceous biostratigraphy in Southeast France has been concisely reviewed 

and summarized by Rawson (1983). Detailed work in the Angles-Vergons sequences may 

be found in the papers by Busnardo et al. (1979) and Moullade and Thieuloy (1967). Their 

results serve as a stratigraphic framework for my study in the area. The ammonite 

stratigraphy of the Angles-Vergons sequences is summarized in Figure 4-2. The bed 

numbers in the Angles-Vergons sequences are mainly based upon numbering the distinct 

major limestone layers. The bed numbering systems of the Angles sequence and the 



95 

Age 
(Ma) 

Barr. 
- 1 2 4 -

, 
3 

X 
D 

- 1 2 7 . 5 -

3 

X 
J 

- 1 3 1 — 

13 
> 
D 

- 1 3 4 . 5 -

nj 

> 

J 

- 1 3 8 — 
Berr. | 

Ammonite zonation 
Angles 

from Busnardo 
et al. (1979) 

<u 
*> 2 

O K + 3 
5 «I« 

. 

> 

<D 
c si 

. 

o 
c 
o 
N J * 

0 
C o 
N 

su
m

 z
c 

lid
is

cu
: 

R
ad

i. 

'13 
>4> C 

E 
3 
CO 

O 

g . 
<D 

> 

3 
X 

o 
.2 

c ta 

;rt
ra

ns
i<

 

T8.* 
O 

Vergons 
from Moullade and 
Thieuloy (1967) 

11 
S 
<o 
O 

. ' C 

c 
>> 

CO 

o 
c 

fa 

'¥"*L I —.1 _ _ ~ _ / \ _ J 

Thickness (m) and 
sedimentation rate 
(cm/k.y.) 

Base of Bed 204 

90.7 
(2.59) 

Base of Bed 99 

87.5 
(2,50) 

Base of Bed 9 
Top of Bed 383 

130.8 
(3.74) 

Base of Bed 305 

101.1 
(2.89) 

3aseofBedl70 

CO c o 
E? 
o > 

K 

c 
< 

Figure 4-2. The biostratigraphy of the Angles-Vergons sequences and estimation on 
the substage average sedimentation rate. The numeric ages (Ma) are after Kent and 
Gradstein (1985). The ammonite zonation defined by the bed number for Angles-
Vergons sequences are from Busnardo et al. (1979) and Moullade and Thieuloy 
(1967) respectively. The sediment thickness of the substages does not include slump 
deposits. The estimated average sedimentation rates are in brackets. 
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Vergons sequence are independent of each other. The numbering system begins in the 

upper Tithonian for Angles (continuing into the Barremian) and at the base of the well-

exposed section in Vergons. The French researchers have painted the bed numbers on the 

rocks. In the Angles section the Berriasian-Valanginian boundary is placed at the base of 

the Otopeta zone (base of Bed 170), the lower Valanginian-upper Valanginian boundary is 

placed at the base of the Verrucosum zone (base of Bed 305) and the Valanginian-

Hauterivian boundary is placed at the base of the Radiatus zone (top of Bed 383). In the 

Vergons section the Valanginian-Hauterivian boundary is placed at the base of the Radiatus 

zone (base of Bed 9), the lower Hauterivian-upper Hauterivian boundary is placed at the 

base of the Sayni zone (base of 99) and the Hauterivian-Barremian boundary is placed at 

the first occurrence of the C. emerici (base of Bed 204). 

There is no obvious hiatus in the sequences. The sediment thickness of the stages in 

Figure 4-2 does not include slump deposits. In estimating sedimentation rate in the lower 

and upper Valanginian as well as the lower and upper Hauterivian, Kent and Gradstein's 

time scale (1985) was employed. This practice ensures consistency with the Atlantic study 

discussed previously. The durations of early and late Valanginian, early and late 

Hauterivian are all 3.5 m.y.. There are several published time scales to date. The estimation 

of Valanginian duration varies from 5 m.y. (van Hinte, 1976) to 9 m.y. (Hallam et al., 

1985) (see Fig. 4-9). A 7 m.y. duration from Kent and Gradstein (1985) is the intermediate 

of the two extremes and is suitable for estimating the average sedimentation rate. The 

estimation of Hauterivian duration varies from 3 m.y. (Harland et al., 1990) to 7 m.y. 

(Kent and Gradstein, 1985) (see Fig. 4-9). The 7 m.y. duration is at the long extreme 

among these time scales. For reasons of consistency, I still use this time scale for the 

Hauterivian, but the estimated sedimentation rate may be lower than the actual one if the 

duration of this stage is overestimated by Kent and Gradstein (1985). Since the slump 

deposits are subtracted from the sediment column in estimating sedimentation rate, in the 

following part of this chapter the sedimentation rate is the pelagic sedimentation rate. 
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The cycles observed in the Vocontian Basin are composed mainly of three types of 

sediment which have different degrees of induration and weathering resistance: 

a. light grey to very light brown limestone, strongly indurated and resistant to 

weathering; 

b. grey marly limestone, less indurated with fissile appearance; 

c. dark grey marl, soft and weathered into flaky fragments. 

The macro-lifhological features of these lithotypes are related to carbonate content. 

According to the work by Cotillon and Rio (1984), the calcium carbonate content of 

limestone is greater than 80%, that of marly limestone is between 60% to 80% and that of 

marl is less than 60%. In some marl dominated intervals, there are claystones, but this is 

not a significant lithotype in the sequences. 

In field, the sediments were measured and coded by Dr. James Ogg of Purdue 

University with the values 1 to 5 to note the increase of induration and the decrease of 

darkness (visually determined) which are also related to carbonate content. In most cases, 

the code value is taken as an integer such as 1, 2, 3 or 5, but for some transitional types, an 

increment of 0.5 is taken. Code values smaller than 3 correspond to marl, code value 3 

stands for marly limestone, and the code values greater than 3 represent limestone of varied 

degree of induration. 

The result of field measurements on the Angles-Vergons sequences is a Iithological 

log in which each Iithological layer is specified with a code value and the orthogonal 

thickness in centimeters. Slump deposits are also recognized and specified. The detailed 

field record serves as a database for my statistical analysis of the cyclic sediments* 

The Valanginian and Hauterivian changes in lithotype proportion in the Angles-

Vergons sequences are presented in Figure 4-3. This figure does not include slump 

deposits. Limestone is dominant in the lowest Valanginian and then gradually becomes less 

important in the uppermost part of lower Valanginian. In the Upper Valanginian, marl is 

dominant. In most of the Hauterivian, limestone dominates or equals marls. The 
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Figure 4-3. Variation of lithotype proportion (lithology percentage) and general 
evaluation of cycle development in the Angles-Vergons sequences. In calculating 
lithotype proportion the interval is about 10 m except near the stage boundaries. 
Slump deposits are not included in the calculation. 
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proportions of lithotypes determine the degree of development of cycles. Intervals with 

well developed cycles usually have nearly equal amounts of limestone and marl. With the 

increase of marl, the cyclic appearance becomes less developed to poorly developed (Fig. 

4-3). The general trends in lithotype proportion and cycle development are also mirrored in 

the contemporary cyclic sequences from the Atlantic Ocean where there are two clay-rich 

and L-cycle pattern intervals in the Valanginian (see Fig. 3-5). 

The sediments are all bioturbated. Gaillard and Jautee (1987) report that the trace 

fossils in the La Charce sequence of Hauterivian age in the Vocontian Basin are dominantly 

Skolithos and Planolites. v/ith less Chondrites and Zoophycos. Lamination and other 

primary sedimentary structures such as sole-marking or grading are not observed. 

According to Ferry (1976), the paleowater depth of the basin varied from 500 to 1500 m 

during the Barremian-Aptian. The Valanginian to Hauterivian paleowater depth of the basin 

may also be in this range. This water depth suggests that short-term, low-amplitude relative 

sea-level fluctuations did not result in the cyclic sedimentation. 

Although in neither sequence are there turbiditic sediments, slump deposits are 

common, especially in the lower Hauterivian. In the lower Valanginian, slump deposits are 

found in Bed 203 (0.17 m), Bed 205 (1 m) and Bed 290 (0.66 m). In the upper 

Valanginian, there are no slump deposits. In the lower Hauterivian, slump deposits are 

found in Beds 29-31 (3 m), Beds 37-48 (7.5 m) and Beds 64-67 (5 m). In the upper 

Hauterivian slump deposits are found in Bed 110 (4.6 m). The total thickness of slump 

deposits in the lower Hauterivian (15.5 m) and in the upper Hauterivian (4.6 m) are much 

greater than that in the Valanginian (1.66 m). The slump deposits somewhat affected my 

quantitative study of the cyclic sequences. Their presence introduces more uncertainty in 

sedimentation rate estimation and prevents me from taking longer, more continuous 

sections for statistical analysis from the sequences. 
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4-3. Features of the Angles-Vergons cyclic sediments 

In the Angles-Vergons sequences, the cyclicity is referred to as "marl-limestone 

alternations" (Cotillon, 1987). However, a cycle is not strictly a two-lithology couplet, 

sometimes a relatively thin layer of a third lithology may be included. A more 

comprehensive definition of the cyclicity can be the alternation of more and less calcareous 

sediments. Cycles in the Angles-Vergons sequences may be classified as well, less and 

poorly developed. 

The well developed cycles show alternate limestone and marl layers, with thin 

marly limestone layers as a transitional lithotype. The boundary between the two lithologies 

is gradual. The thickness of limestones and marl layers are almost equal. The well 

developed cycles are mostly monotonous binary cycles. 

Less developed cycles show alternate marly limestone or less indurated limestone 

and marl layers. Limestone becomes a less important component. The boundaries are also 

gradual. One major feature of such cycles is that the thickness of marl is usually greater 

than marly limestone or limestone. Many less developed cycles are ternary. 

Poorly developed cycles show alternations of marl layers with different degree of 

induration, weathering appearance and darkness, apparently because of variation in 

carbonate content. The boundaries are gradual but wider than the well developed and the 

less developed cycles. 

In the Angles sequence, the lower Valanginian starts with dominant limestone/marl 

alternation and continues to well developed limestone, marly limestone/marl alternation. In 

the uppermost lower Valanginian the cycles become less developed and thicker. In most of 

the upper Valanginian, the cycles are less developed to poorly developed. In most of the 

upper Valanginian cycles, the less calcareous portion (marl) is much thicker than the more 

calcareous portion (limestone, marly limestone or marl). The cycles are thicker than those 

in the lower Valanginian. 
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In the Vergons sequence, the limestone/marl cycles are well-developed in most of 

the lower Hauterivian and upper Hauterivian. 

The thickness of cycles varies from stage to stage in the Angles-Vergons 

sequences. In the lower Valanginian, the thickness of the Iithological alternations varies 

little and is thinner in comparison with other parts of the sequences. The range is 15 to 125 

cm. In the upper Valanginian, the cycle thickness increases on average with great variation, 

ranging from 20 to as thick as 370 cm, though the latter is an extreme in a poorly developed 

cyclic interval and may have contained one or two cycles not identified visually. In the 

lower Hauterivian, the cycle thickness still varies but less than in the upper Valanginian. It 

varies from 35 to 140 cm. In the upper Hauterivian, the cycle thickness tends to decrease 

towards the Hauterivian/Barremian boundary. The thickness range is 20 to 125 cm. 

Detailed calcium carbonate content measurements through two cycles from the 

Vergons sequence (upper Hauterivian) by Cotillon and Rio (1984) show that the carbonate 

content variation in the cycles is sinusoidal. The largest difference in carbonate content 

between the calcareous portion and marly portion is about 40 %. The content is relatively 

stable in one Iithological layer. Major, but still gradual, change in carbonate content occurs 

at the boundary between two Iithological layers. That makes the gradual boundaries easy to 

identify in the field. These features also facilitate my representation of the cyclic sediment 

with a step-like time series in statistical analysis. 

Mineralogical studies (Cotillon, 1971; Cotillon et al. 1980) reveal that there is 

sinusoidal variation of clay minerals in the limestone-marl alternation. Mite and kaolinite are 

more abundant in marls than in limestones. Smectite is more abundant in limestones than in 

marls. Siliciclastic silt can be up to 10 times more abundant in marls than in limestones. 

Similar differences are found between darker clayey nannofossil chalk and lighter 

nannofossil chalk of lower Campanian to lower Maastrichtian cyclic sediments from the 

Exmouth Plateau, Indian Ocean (see Chapter 5). 
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The micropaleontologic study by Darmedru et al. (1982) illustrated systematic fossil 

differences in the limestone and marl. Benthic species are abundant and diversified in marls 

and planktonic species are abundant in limestone. In the marly layers, there are more 

foraminifers than radiolaria, whereas in the limestone layers there are more radiolaria than 

foraminifers. In the marly layers there are more agglutinated foraminifers than hyaline 

foraminifers, while in limestone layers there are more hyaline foraminifers than 

agglutinated foraminifers. Epistomina almost preferentially occurs in limestone layers. 

Reticulated spherical radiolaria always reach their highest abundance in marly layers. 

Pustulated spherical radiolaria are more abundant in limestone layers. 

Systematic variation of mineral composition and fossil content in the cycles as is 

illustrated by the previous studies (Cotillon et al., 1979, 1980; Cotillon and Rio, 1984; 

Darmedru et al.,1982) precludes a diagenetic origin for the cycles. Cotillon et al. (1980) 

has traced a succession of Valanginian cycles (verrucosum zone) across the more than 

10,000 km2 Vocontian Basin. The extent of the cycles over a large area also argues against 

a diagenetic origin for the cyclic sequences. If the Iithological alternations were caused by 

diagenetic processes, they could not have been traced over a vast region. The different 

sediments in a cycle must have been deposited under two substantially different 

sedimentary conditions. 

Gaillard and Jautee (1987) attempted to determine quantitatively the compaction 

difference between limestone and marl in the La Charce sequence (Hauterivian) using 

burrows. They concluded that marl is more compacted than limestone, but their quantitative 

results are not used in my statistical analysis for the following reasons: 

1. Gaillard and Jautee (1987) point out that their relationship of compaction number 

and carbonate content could be variable in different sequences. It varies with the proportion 

of lithotype in a sequence, and the relationship derived for the Hauterivian differs from that 

derived for the Valanginian in the La Charce sequence. 
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2. Since I do not have layer by layer carbonate content data, it is impossible to use the 

relationship to correct the degree of differential compaction, if any, in my sections of 

interest for statistical analysis. 

3. Though Gaillard and Jautee (1987) claim that the burrows were compacted to the 

same degree as the surrounding sediments, I suspect that in limestone the burrows may 

have cemented earlier than the host sediment and hence tend to be less compacted. 

The primary differences of the Angles-Vergons cyclic sediments from 

contemporary Lower Cretaceous cyclic sediments from the Atlantic ocean are as the 

follows: 

1. In the Angles-Vergons sequences both calcareous and marly portions are 

bioturbated, whereas in the Atlantic Ocean only the light calcareous portion is bioturbated, 

with the dark marly portion finely laminated. The color contrast in the Angles-Vergons 

sequences is mainly related to clay content, but the color contrast in the Atlantic cyclic 

sequences is more related to organic content than to the clay content. 

2. Foraminifers are more abundant in the Angles-Vergons sequences, especially in the 

marl portion, whereas the Atlantic cyclic sequences have a greater preserved abundance of 

radiolarians and nannofossils. 

3. On average the cycles tend to be thicker in the Angles-Vergons sequences than in 

the Atlantic Ocean. 

4. The carbonate content difference in a cycle between the more calcareous portion and 

more clayey portion is greater in the Angles-Vergons cyclic sequences than in the cyclic 

sequences of the North Atlantic Ocean. Ogg et al. (1987) noted that the carbonate content of 

laminated limestone is about 10% lower than that of bioturbated limestone in the Atlantic 

Ocean, on average. The measurements by Cotillon and Rio (1984) in two Vergons cycles 

(Hauterivian) show that the largest difference in carbonate content between the calcareous 

portion and marly portion is about 40 %, and the average difference is about 20%. 
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All these differences can be attributed to the much greater paleowater depth in the 

Atlantic Ocean. The water depth during the Valanginian and Hauterivian is estimated to 

have been 3542 - 3998 m below sea level (see Section 3-3-2 Paleowater depth 

estimation). Oxygen-depleted conditions have occurred repeatedly in the deeper Atlantic 

Ocean (Robertson and Bliefnick, 1983) and the sedimentation rate was lower. Other 

possible reasons may be that the Vocontian Basin was nearer the land and had lower 

fertility of the surface water. In some paleontologists' models (Premoli Silva et al., 1989), 

the higher the ratio of radiolarians to foraminifers, the higher the productivity of the surface 

waters ~ foraminifers have difficulty competing with radiolarians in regions or times of 

higher fertility. Therefore, the difference in paleogeographic setting between the Vocontian 

Basin and the Atlantic Ocean determines in large measure the differences in the features of 

their cyclic sequences. The cyclic sequences from the Vocontian Basin also have younger 

analogues from the margins of the Atlantic and Tethys Oceans, or epicontinental sea 

environments such as the flooded Interior Seaway of North America during the high 

relative sea-level period of the Aptian and later stages (Gilbert, 1895; Fischer, 1980; de 

Boer and Wonders, 1984; Arthur et al., 1984; Barron et al., 1985; Herbert and Fischer, 

1986; Pratt and King, 1986; Hattin, 1986). 

4-4. Spectral analysis of the cyclic sequences 

4-4-1. Time series generation 

Since the type of data from the Vocontian Basin is the same as that from the Atlantic 

Ocean, it is also preferable to build step-like (discrete) time series, on the basis of the 

Iithological record, and apply the Walsh spectral analysis method to the discrete time series. 
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From the Iithological log, I selected sections from the lower and upper Valanginian, 

lower and upper Hauterivian for spectral analysis. The choice of these sections for 

statistical analysis meets the following criteria: 

1. there are no slump deposits within and immediately nearby the section; 

2. Iithological alternations are well displayed; 

3. sections should be representative of the majority of the beds in a certain interval; 

4. the section encompasses more than 10 beds. Enough beds in a section ensures 

statistical reliability. On the other hand, if the section is too long the influence of possible 

fluctuation in sedimentation rate would affect the analysis. 

Spectral analysis results for four sections representative of the well developed and 

less developed cycles (upper Valanginian) from the Angles-Vergons sequences will be 

presented and discussed in this chapter. The four sections are referred to as VALL, VALU, 

HAUTL and HAUTU respectively, according to the stage interval they come from. 

Section VALL is from the Angles sequence (lower Valanginian, beds 216 to 242), 

with a length of 14.69 m. Cycles are well developed in this section. The percentages of 

limestone, marly limestone and marl are 55.96%, 4.69% and 39.35%, respectively. In 

cycles of this section the limestone portion tends to be thicker than the marl portion and is 

more variable in thickness. 

Section VALU is from the Angles sequence (upper Valanginian, beds 362 to 383, 

the most calcareous portion in the upper Valanginian), with a length of 30.82 m. 

Lithological alternations are less developed in this section. This section is the longest 

among the four as the thickness of the lithological alternations is greater. The percentages 

of limestone, marly limestone and marl are 30.96%, 7.85% and 61.19%, respectively. In 

cycles of this section, on average, the limestone portion is much thinner than the marl 

portion which is more variable in thickness. 

Section HAUTL is from the Vergons sequence (lower Hauterivian, beds 86 to 98), 

with a length of 14.4 m. Cycles are well developed in this section (Fig. 4-4A). The 


