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Tidal rhythmites and their implications
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Abstract

Tidal rhythmites are unequivocal evidence of marine conditions in sedimentary basins and can preserve a record of

astronomically induced tidal periods. Unlike modern tide and tidal deposits, analysis of ancient tidal rhythmites, however, is not

straightforward. This paper highlights the advances made in the tidal rhythmite research in the last decade and reviews the

methodologies of extracting lunar orbital periods from ancient tidal rhythmites, the mathematics behind the use of tidalites, and

their limitations and uncertainties. We have shown that analysis of ancient tidal rhythmite may help us to estimate the

palaeolunar orbital periods in terms of lunar days/month accurately. Determination of absolute Earth–Moon distances and

Earth’s palaeorotational parameters in the distant geological past from tidal rhythmite, however, is ambiguous because of the

difficulties in determining the absolute length of the ancient lunar sidereal month.
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1. Introduction

Tidal rhythmites are packages of laterally and/or

vertically accreted, laminated to thinly bedded

medium- to fine-grained sandstone, siltstone and

mudstone of tidal origin that exhibit rhythmic change

in lamina/bed thickness and grain-size (Williams,

1991; Kvale, 2003). In the absence of fossils, these

physical sedimentary structures provide unequivocal
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evidence of marine conditions in sedimentary basins

(cf. Eriksson et al., 1998; Eriksson and Simpson, 2004).

Tidal rhythmites have been used to interpret palae-

oclimate (Kvale et al., 1994; Miller and Eriksson,

1997) and palaeo-ocean seiches (Archer, 1996a). Tidal

rhythmites can preserve a record of astronomically

induced tidal periods, and are the only unambiguous

tool available for tracing the evolutionary history of the

Earth–Moon system (Williams, 1989, 2004; Sonett et

al., 1996; Kvale et al., 1999). Multidisciplinary

research in the last decade has demonstrated that the

palaeolunar orbital dynamics can be determined

through integrated analyses of ancient tidal rhythmites

in combination with an understanding of basic tidal
69 (2005) 79–95
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theory (cf. Sonett et al., 1988, 1996; de Boer et al.,

1989; Piper, 1990; Archer et al., 1991; Archer, 1996b;

Oost et al., 1993; Rosenberg, 1997; Kvale et al., 1999;

Williams, 2000, 2004).

Unlike modern tide and tidal deposits, analysis of

ancient tidal rhythmites, however, is not straightfor-

ward. The accuracy of palaeotidal periods depends

upon a number of factors and palaeorotational

parameters (Earth–Moon system parameters) must

be geophysically valid to directly trace the early

history of Earth’s tidal deceleration and the evolving

lunar orbit with confidence (Williams, 1997, 2000,

2004). As Williams (2000) pointed out, detailed

analyses of ancient tidal rhythmites would greatly

enrich our knowledge of the dynamical history of the

Earth–Moon system. This paper highlights the nature

of advancements made in the tidal rhythmite research

methodology in the last decade. It discusses the

astronomical control on rhythmite generation,

explains methodologies for extracting lunar orbital

periods from the ancient tidal rhythmite record, and

review the use of tidalites, the mathematics behind

their use, and their limitations and uncertainities.
Fig. 1. A schematic representation of the tidal effect of the Moon on

Earth. The tidal forces result maximum elevations of water level at

the points closest to and farthest away from the Moon on Earth

(modified after de Boer et al., 1989).
2. Control on tidal rhythmite generation

2.1. Astronomical forcing

To gain insight into the palaeoastronomic signifi-

cance of ancient tidal rhythmites, it is essential first to

understand the astronomical control on tide and tidal

rhythmite generation. The equilibrium tidal theory

considers tractive gravitational forces of the Moon

and Sun on an idealized Earth completely covered by

deep water of uniform depth that is capable of

instantly responding to changes in tractive forces

(Macmillan, 1966; Kvale et al., 1999). Although the

equilibrium tidal theory is helpful in understanding

the basic tidal cycles that influence tidal sedimentation

systems, it is of little use in analyzing the tidal

rhythmites. This is because the real oceanic tides do

not conform to equilibrium tidal theory (cf. Pugh,

1987).

2.1.1. The Earth–Moon–Sun rotational system

Oceanic tides are the periodic rise and fall of the

sea level as a direct consequence of the combined
gravitational attraction of the Moon and Sun on the

Earth. Three basic astronomical movements control

the tidal pulses within the Earth–Moon–Sun rotational

system. These are: (1) the Earth’s rotation about its

own axis with a period of 1 day; (2) the Moon’s

revolution around the Earth in an elliptical orbit with a

periodicity of 29 days; and (3) the Earth’s revolution

around the Sun in an elliptical orbit with a period of

365.25 days (Russell and MacMillan, 1970). It is

important to note that all the periods were likely of

different duration in the geological past. The observed

tidal pattern occurring at a particular point on the

Earth’s surface is the sum of a number of harmonic

components associated with lunar and solar astro-

nomical cycles (Brown et al., 1989; Martino and

Sanderson, 1993).

Interaction of gravitational forces of the Moon and

Sun on the Earth results in two centers of tidal

heaping at the point on the Earth’s surface closest to,

and farthest away from, the Moon (Fig. 1; de Boer et

al., 1989). A point on the Earth’s surface passes twice

through areas of tidal heaping in 24 h as a result of the

Earth’s rotation on its axis. This gives rise to the

semidiurnal periodicity (2 tides/day) of the Earth’s

tide similar to the tides of the Atlantic coast of the

United States. In purely diurnal tidal systems similar

to those of the northern shore of the Gulf of Mexico

and the Java Sea, the semidiurnal tidal components

are suppressed and the duration of the flood–ebb cycle

is around 24 h (i.e. 1 tide/day). All intermediate tidal

systems are classified as mixed tidal systems (1–2
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tides/day) depending on the relative importance of the

diurnal and semidiurnal components (Russell and

MacMillan, 1970). Most (c90%) of the modern tidal

systems are mixed or semidiurnal in nature. Purely

diurnal tidal system accounts for only 10% of the

observations (Lisitzin, 1974).

2.1.2. Variability in the Moon’s gravitational pull

2.1.2.1. Monthly variation. In addition to the daily

patterns, tidal systems are also influenced by the

variability in the gravitational pull on the Earth due to

(1) the changing phases of the Moon, (2) declination

of the Moon and (3) the changing Earth–Moon

distance during the lunar orbit. The Moon’s gravita-

tional pull on the Earth is maximum (spring) when the

Earth, Moon and Sun are aligned (syzygy, full or new)

and minimum (neap) when the radius vector to the

Sun and the Moon from the Earth form a right angle

(quadrature). The neap–spring (half-synodic, syzygy

to syzygy) tidal period is thus related to the changing

phases of the Moon. The synodic month (new Moon

to new Moon) has a modern period of 29.53 days.

The lunar orbital plane is inclined to the Earth’s

equator at an angle of 23827V. The movement of the

Moon between its extreme declinations across the

Earth’s equator induces diurnal inequality of the tide

in the semidiurnal tidal systems (de Boer et al., 1989;

Kvale et al., 1999). The diurnal inequality is greatest

when the Moon is at its maximum declination and is

reduced to zero when the Moon is over the equator.

The equatorial passage of the Moon is known as

crossover that gives rise to two subsequent semidaily

tides of equal strength (Kvale et al., 1999, their Fig.

3). The time it takes the Moon to orbit the Earth

moving from its maximum northern declination to its

southern declination and the return, a tropical month,

has a modern period of 27.32 days.

The distance between the Earth and Moon

changes by about 11% during a lunar month,

resulting in a 35% variation in the tidal height (cf.

Stowe, 1987; Martino and Sanderson, 1993). This is

because the Moon’s orbital travel along the elliptical

path carries it between perigee and apogee, closest

and farthest distance from the Earth, respectively.

The time it takes the Moon to move from perigee to

perigee, an anomalistic month, has a modern period

is 27.55 days.
2.1.2.2. Multiyear variation. Some multiyear astro-

nomically controlled cycles affect the tidal deposi-

tional systems. These include the lunar nodal (modern

period 18.6 years) and apsides cycle (modern period

8.85 years). The lunar nodal cycle is a consequence of

the nutation of the lunar orbital plane that changes the

declination of the lunar orbital plane relative to the

Earth’s equator from 188 to 288 and back every 18.6

years. The lunar nodal cycle exerts control on the tidal

amplitude (cf. Kaye and Stuckey, 1973). For example,

the tidal amplitude near Delfzijl (NE Netherlands)

varies from 2.8% to 5.2% with the variation of the

lunar orbit (Oost et al., 1993, their Fig. 2). The tidal

current strength is proportional to tidal amplitude. It

has been shown that a 5.2% increase in tidal

amplitude would result in a 15–20% increase in

sediment transport capacity (cf. Oost et al., 1993, p.

3). Wells and Coleman (1981) considered the periodic

migration of mudflats along the Guiana Coast have

been caused by the successful colonization of the

mudflats by Avenicennia mangrove propagules. The

successful colonization was possible because of lower

mean sea level and hence, prolonged exposure during

periods of tidal minima caused by the 18.6 years and

solar semiannual tidal components (Wells and Cole-

man, 1981; see also Oost et al., 1993). Allen (1990)

recognized the variation of maximum tidal heights

due to the influence of lunar nodal cycle and

considered it in a computational model for salt-marsh

growth. Oost et al. (1993) have shown that the 18.6-

year nodal cycle modulates tidal amplitudes and

currents, and consequently sedimentation in tide-

influenced modern sedimentary environments. These

authors have suggested that sedimentary processes in

tide-influenced sedimentary environments are rarely

that regular that continuous sequences, reflecting the

nodal cycle, will be preserved. However, if preserved,

tide-influenced deposits bearing the imprint of the

lunar nodal cycle may be found in accretionary

deposits of continuously migrating inlets, the fill of

abandoned channels, the growth of regressive barrier

beach islands and the vertical accretion of supra-tidal

marsh deposits (Oost et al., 1993, p. 10). Tides raised

on the Earth by the Moon and Sun show a 8.85-year

periodicity, known as lunar apsides period, related to

the orbital advance of the Moon at perigee. Unlike the

lunar nodal cycle, the lunar apsides cycle, however,

exerts much less control on the tidal amplitude
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(Fairbridge and Sanders, 1987; Marchuk and Kagan,

1989; Oost et al., 1993). Ancient sediments rarely

record the imprint of lunar nodal cycles, because

nearly two decades of uninterrupted sedimentation

must be preserved (cf. Oost et al., 1993; Miller and

Eriksson, 1997). Walker and Zahnle (1986) inter-

preted a 23.3F0.3-year periodicity preserved in 2500

Ma old Weeli Wolli banded iron formation as

reflecting the climatic influence of lunar nodal cycle.

Williams (1989) reported both the lunar nodal (19.5

years) and apsides (9 years) cycles from the Neo-

proterozoic (620 Ma) Elatina tidal rhythmite, Aus-

tralia. Miller and Eriksson (1997) recognized a

multiyear cyclicity from Late Mississippian Pride

shale, Virginia where 17–22 annual beds display a

crude upward thickening and thinning within meter-

scale bundles. This bundling is interpreted to reflect

the 18.6-year nodal cycle with the thick annual beds

representing years during which the inclination of the

lunar orbital plane favored increased tidal amplitudes

(Miller and Eriksson, 1997).

2.2. Non-tidal influence

In addition to the astronomical forcing, influences

of meteorological storms, atmospheric pressure, sal-

inity, water temperature, precipitation and climatically

or seasonally controlled sea level change may be

superimposed on the tidal cycles, which, in turn,

control tidal rhythmite generation. These non-tidal

influences on the tidal rhythmite generation are often

responsible for the deviation from the predicted

monthly tidal periodicities (Yang and Nio, 1985; de

Boer et al., 1989; Kvale et al., 1999; discussed

below). Additionally, bioturbation can destroy or

obscure the tidal record.
Fig. 2. Laterally accreted tidal rhythmite from the Protoproterozoic

Chaibasa sandstone, India. Note double mud drape and character-

istic thick–thin alternations in foreset laminae thickness. These

features suggest that the Chaibasa sandstones were deposited in a

subtidal setting (pen length 14 cm; after Bose et al., 1997).
3. Research methodology

3.1. Bed/lamina thickness measurement

Tidal signatures in the ancient sedimentary succes-

sions are preserved either as vertically accreted flat-

laminated rhythmite (e.g. the Elatina-Reynella, Big

Cottonwood, and the Jackson Lake rhythmite, Wil-

liams, 1989, 2000; Chan et al., 1994; Mueller et al.,

2002) or as laterally accreted bundles of sandstone
foresets separated by mudstone drapes (Fig. 2; cf. de

Boer et al., 1989; Deynoux et al., 1993; Bose et al.,

1997; Eriksson and Simpson, 2000a, 2004; Mueller et

al., 2002; Tape et al., 2003; Mazumder, 2004). The

effectiveness of the tide as an agent of sediment

transport and deposition is directly related to tidal

range and consequent current velocity (FritzGerald

and Nummedal, 1983; Boothryod, 1985; Williams,

2000). Large tidal ranges result in relatively thick

deposits whereas smaller tidal ranges result in thinner

deposits. In semidiurnal tidal systems, as many as four

lamina may be deposited in 24 h. Within a neap–

spring–neap cycle of a modern semidiurnal tidal

system, an average of 28 dominant current events

(lamina) can be recorded. In pure diurnal systems,

however, only 14 dominant current events occur in a

neap–spring–neap cycle. In a modern mixed tidal

system, the number of dominant current events is

between 28 and 14 within a neap–spring cycle. Thus,

plotting of successive thickness in a lamina number

vs. thickness plot provides us valuable information

regarding the nature of the palaeotidal system (cf. de

Boer et al., 1989; see Section 3.3 for explanation).

Ancient tidal rhythmite records are commonly

incomplete. Incomplete data sets may result in several

ways. A tidal depositional system may filter out the

effects of the lesser semidiurnal components of diurnal

inequality (de Boer et al., 1989; Williams, 2000) when

it is too weak to transport sediment to the depositional



Fig. 3. Simplified geological map showing the Chaibasa and its

bounding formations, eastern India (modified after Saha, 1994).
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site. The tidal range and current speed are minimum at

position of neap tides. As a consequence, the deposi-

tion of sandy and silty laminae may be interrupted in

the distal offshore depositional settings. Incomplete-

ness in tidal rhythmite data may be also due to the

periodically low sediment yields during summer or

bioturbation. In shallow marine depositional settings,

meteorological storms often interrupt normal tidal

sedimentation patterns. As a result, the number of

bed/laminae is lesser than what is expected in an ideal

situation. This incomplete data set is the major

impediment to recover lunar orbital periodicities from

simple counting of lamina. Completeness of the annual

tidal cycle can be evaluated by checking whether every

neap–spring cycle is represented in the annual cycle.

There are two spring tides in a lunar month. However,

these spring tides are of unequal magnitude, producing

high- and low-spring tides that correspond to spring

tides during or near perigee (high spring) and spring

tides during or near apogee (low spring), respectively.

The semimonthly inequality of the spring tides is called

phase flip (cf. Kvale et al., 1999, their Fig. 5B). Ideally,

a complete tidal rhythmite data set should show a

continuous thick–thin alternation, with phase flip about

once during each neap–spring cycle. Deviations from

the thick–thin–thick pattern of course may occur, e.g.

due meteorological events, but when that is the case,

the same rhythm should be resumed afterwards. If the

data set is incomplete, then a careful look may reveal

1808 phase change of the thick–thin pattern indicating

that the data set contains at least some hiatus (Poppe L.

de Boer, personal communication, 2003; see also Kvale

et al., 1999).

3.2. Harmonic analysis

It is possible to unlock the lunar orbital periods

through harmonic analysis of long tidal rhythmite data

provided the data set is complete (cf. Williams, 1989,

2000; Archer, 1996a; Archer et al., 1991; Kvale et al.,

1995, 1999). Harmonic analysis resolves a sinusoidal

function (time sequence) into sinusoidal (harmonic)

components with commensurate frequencies, the

contributions from each component being indicated

by its amplitude or power (the square of amplitude)

(Jenkins and Watts, 1968; Yang and Nio, 1985). The

output (power spectrum) is displayed by plotting the

power of the harmonic components against its
frequency. In the tidal context, harmonic analysis

makes use of the knowledge that the observed tide is

the sum of a number of components, whose periods

precisely corresponds with the period of one of the

relative astronomical motions in the Earth–Moon–Sun

rotational system. A record of tidal height (or tidal

current velocity) over a long time-span is required to

determine the amplitude and frequency for each

harmonic component in the modern tidal depositional

settings. As mentioned earlier, the amount of sediment

transported and ultimately deposited as a tidal

rhythmite is related to tidal height (i.e. tidal range).

Therefore, it is the successive lamina/bed thickness

data that is used while recovering palaeolunar orbital

periods by harmonic analysis. Fast Fourier trans-
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formations (FFT) and maximum entropy methods

(MEM) are particularly useful for separating over-

lapping periodicities (cf. Press et al., 1989; Archer et

al., 1991; discussed below).

3.3. Late Paleoproterozoic Chaibasa tidal rhythmite

(India)—a case study

The 6- to 8-km-thick, entirely siliciclastic late

Paleoproterozoic Chaibasa Formation (Fig. 3) con-

stitutes the lower part of the two-tiered Singhbhum
Fig. 4. (A) Geological map showing lithounits (Chaibasa Formation) in an

showing lateral and vertical facies transition during Chaibasa sedimentation
Group, comprising rocks metamorphosed to greens-

chist (locally amphibolite) facies (Naha, 1965; Saha,

1994; Mazumder, 2002). Lithologically, it is charac-

terized by the interbedding of sandstones and shales in

different scales. Although the Chaibasa sandstones

formed in a subtidal setting, the shales formed in a

distal offshore setting and represent marine flooding

surfaces (Bose et al., 1997; Mazumder, 2002). The

Chaibasa succession is generally transgressive with

intermittent punctuations caused by short-term low-

stands during which sandstones were emplaced
d around Ghatshila (modified after Naha, 1965). (B) Panel diagram

; study locations are marked in A (modified after Bose et al., 1997).



Fig. 5. Analysis of the cross-stratified sandstone (data collected

from the second quartzite band from the bottom, see Fig. 4B). (A)

Thickness variations in successive foresets (n=57). (B) FFT power

spectral plot (unsmoothed) obtained from the data set presented in

A. Note the spectral periods around 32 and 2.
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(Mazumder et al., 2000; Mazumder, 2002; cf.

Cattaneo and Steel, 2003).

The cross-bedded Chaibasa sandstone (Figs. 2 and

4A,B) is best exposed in and around Ghatshila (Fig.

4A). The sandstones are generally well sorted and

internally characterized by unidirectional cross-strata

(set thickness up to 65 cm). The thick–thin laminae

alternations are characteristic as is a double mud drape

(Fig. 2). The cross-bed set is characterized by sand-

stone foresets separated by mudstone drapes (Fig. 2).

The abundance and thickness of mudstone drapes vary

across the set; they show an inverse relationship to the

foreset thickness in the sandstone: drapes are thinner

and relatively rare in intervals of thick foresets and

abundant and thicker in intervals of thin foresets (cf.

Tape et al., 2003). Laminae thickness is measured

perpendicular to the dip of the foresets along a

horizontal line between the upper and lower bounding

surfaces. Cyclicities are revealed in plots of two

successive foreset-thickness data sets (Figs. 5A and

6A) measured from different stratigraphic levels from

exposures southeast of Ghatshila (Fig. 4A,B). Random

meteorological events like storms may impart thick–

thin alternations in environments that lack semidiurnal

tidal influence. Alternatively, semidiurnal thick–thin

laminae alternations may be disturbed by such

meteorological events (cf. de Boer et al., 1989). A

statistical test of the basic data has therefore been

made, following the methodology of de Boer et al.

(1989), which reveals a significant semidiurnal signal

(Figs. 5A and 6A). The number of foreset laminae,

constituting neap–spring cycles, varies from 27 to 30.

Harmonic analysis following the methodology of

Archer et al. (1991) and using a fast Fourier transform

(FFT) program (Horne and Baliunas, 1986; Press et al.,

1989) was performed on both data sets. The program

tests for cyclicities and is capable of separating cycles

having closely spaced periodicities. The output is

expressed as an event/cycle in a frequency vs. power

spectral-density plot (Figs. 5B and 6B).

Power spectral-density plots show spectral periods

of 32 events that represent neap–spring cycles,

analogous to those derived from the analysis of

modern tides as well as from the ancient record (Figs.

5B and 6B) (Archer et al., 1991; Kvale et al., 1995;

Williams, 2000). Both the power spectra exhibit a

spectral period of ~2. This result, coupled with the

occurrence of alternating, millimeter-scale, thick–thin



Fig. 6. Analysis of the cross-stratified sandstone (data collected from the first quartzite band from the bottom, see Fig. 4B). (A) Thickness

variations in successive foresets (n=345). (B) FFT power spectral plot (unsmoothed) obtained from the data set presented in A. Note the spectral

periods around 32 and 2.
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laminae (Fig. 2), corroborates a dominantly semi-

diurnal tide during the Chaibasa sedimentation (cf. de

Boer et al., 1989). Spectral peaks between 3–5 (Figs.

5B and 6B) and ~13 were likely generated by some

random variations (storms?). The spectral peak at 23

might represent an abbreviated anomalistic period (cf.

Archer, 1996a; Kvale et al., 1999). The spectral period

of 190 events possibly indicates some long-period

tidal (abbreviated half yearly cycle?) and/or non-tidal

variation (cf. Yang and Nio, 1985).
In a dominantly semidiurnal tidal system, synodic

(spring–neap–spring) periodicity dominates tropical

periodicity (Kvale et al., 1999). As mentioned earlier,

the laminae count reveals 27–30 laminae (events)

constituting the neap–spring cycle during Chaibasa

sedimentation. It is, however, difficult to recover the

lunar orbital periods from the direct counting of

lamina because periodically weak tidal currents (such

as during neap tide) and random meteorological

events (such as storms) may modulate or abbreviate
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tidal periods (de Boer et al., 1989; Kvale et al., 1999).

However, both the power spectra show a consistent

spectral period at 32 (Figs. 5B and 6B). Thus, there

are ~32 laminae in a neap–spring cycle, implying at

least 32 lunar days per synodic month during the

Chaibasa sedimentation. It is interesting to note that

Williams (2000) counted as many as 28–30 laminae

couplets per neap–spring cycle on enlarged photo-

graphs of thin sections of little-compacted chert

nodules (his Fig. 14a) up to six to eight neap–spring

cycles from the 2450 Ma Weeli Wolli banded-iron

formation, Australia. He considered only those cycles

those are devoid of any sort of abbreviation (Williams,

2000, p. 54). Williams (2000, his Table 1) calculated

31.1F1.5 lunar days per synodic month during the

early Paleoproterozoic. The minimum number of

lunar days in a synodic month (32, Figs. 5B and

6B) and hence the minimum number of solar days per

synodic month (~33 because the solar day is shorter

than the lunar day; cf. Williams (2000) during the

Chaibasa sedimentation agrees well with that calcu-

lated by Williams (2000), his Table 1, column 3).
4. Ancient tidal rhythmite research in the last

decade

Ancient tidal rhythmite research in the last decade

has highlighted their characteristics and unlocked the

encoded tidal and/or non-tidal periodicities through

harmonic analysis based on the information available

from modern tidal settings (cf. Kvale et al., 1995). The

modern analogues provide the actualistic basis for

ancient rhythmite research (cf. Zaitlin, 1987; Dalrym-

ple and Makino, 1989; de Boer et al., 1989;

Dalrymple et al., 1991; Kvale et al., 1995; Archer

and Johnson, 1997). Effort has been made to quantify

tidal record from rhythmites as old as 3.2 Ga

(Eriksson and Simpson, 2000a,b, 2001, 2004;

Mazumder, 2001). Other well-documented Precam-

brian tidal rhythmites are from the Late Archaean of

Canada (Mueller et al., 2002), Palaeoproterozoic of

Australia (Williams, 2000) and India (Bose et al.,

1997), from the Neoproterozoic of North America

(Trisgaard, 1993; Chan et al., 1994; Archer, 1996a;

Archer and Johnson, 1997) and Australia (Williams,

1989, 1991). Well-documented Paleozoic tidal rhyth-

mites are from the upper Cambrian of southwest
Minnesota (Tape et al., 2003), Permian of India

(Ghosh et al., 2004), and from the Carboniferous of

USA (Kvale et al., 1989; Kuecher et al., 1990; Brown

et al., 1990; Archer and Kvale, 1993; Martino and

Sanderson, 1993; Archer et al., 1994, 1995; Greb and

Archer, 1995; Tessier et al., 1995; Miller and

Eriksson, 1997; Adkins and Eriksson, 1998). Post-

Paleozoic tidal rhythmites include Jurassic (Kreisa

and Moiola, 1986; Uhlir et al., 1988), Cretaceous

(Allen, 1981; Ladipo, 1988; Rahmani, 1989; Eberth,

1996), Eocene (Yang and Nio, 1985; Santisteban and

Taberner, 1988) and Miocene forms (Homewood and

Allen, 1981; Allen and Homewood, 1984; Tessier and

Gigot, 1989).

The other objective of the ancient tidal rhythmite

research is to extract encoded palaeoastrophysical

information (cf. Sonett et al., 1988; Kvale et al., 1999;

Williams, 2000, 2004). It has been demonstrated that

detailed mathematical-statistical analyses of the palae-

otidal periodicities in combination with an under-

standing of tidal theory can be utilized to determine

palaeolunar orbital dynamics and its temporal evolu-

tion (Rosenberg, 1997; Kvale et al., 1999; Williams,

2000, 2004). To unlock the palaeoastrophysical

implications, it is therefore essential to determine

reliable palaeolunar orbital periods from the ancient

rhythmite record.

4.1. Palaeolunar orbital periods

To compute the ancient Earth–Moon distance

(semimajor axis of the lunar orbit) and related

palaeotidal and palaeorotational parameters, one must

have a reasonable estimate of the palaeolunar sidereal

orbital period (the time interval for the Moon to

complete an orbit of the Earth when measured relative

to the fixed stars). Kepler’s third law states that the

square of the orbital period of a planet is proportional

to the cube of its mean distance from the sun. In the

Earth–Moon system, this law can be mathematically

expressed as follows:

Ts=T0ð Þ2 ¼ a=a0ð Þ3 ð1Þ

where Ts and T0 are the past and present lunar sidereal

periods (length of the lunar sidereal month, present

value is 27.32 solar days) and a and a0 are the Earth–

Moon distance (semimajor axis of the lunar orbit) in
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the past and present (3.844�1010 cm), respectively.

However, the lunar sideral orbital period cannot be

determined directly from the rhythmite record since it

is measured from a fixed point in the sky (cf.

Runcorn, 1964, 1979a,b; Kvale et al., 1999; Eric P.

Kvale, personal communication, 2003). It is, however,

possible to determine the lunar synodic, tropical, and

anomalistic periods directly from the rhythmite

record. Thus, one has to depend solely on the

relationship between the lunar synodic, tropical and

sidereal orbital periods (Runcorn, 1964; Kvale et al.,

1999, p. 1159–1160).

The conversion from tropical to sidereal period is

straightforward because the periods are virtually the

same (cf. Kvale et al., 1999). Thus, the tropical period

can proxy for the sidereal period for all practical

purpose. The present ratio of the lunar synodic (Psyn)

to sidereal (Psid) period is:

Psyn=Psid ¼ 29:5271=27:3186 ¼ 1:0808 ð2Þ

Kvale et al. (1999, p. 1159) proposed that this ratio

can be safely used to convert from the synodic to the

sidereal period over the last 1 billion years. Williams

(2000), his Table 1 calculated the number of solar

days per sidereal month (sideral period, t) during the

Proterozoic from primary values derived from tidal

rhythmites by applying following equation:

t ¼ tL= 1þ tL=YDð Þ ð3Þ

where tL and YD are number of solar days per synodic

month and year (cf. Runcorn, 1964), respectively. A

closer scrutiny of the palaeolunar orbital periods

derived by Williams (2000), his Table 1, columns 2–

5) from the 620, 900 and 2450 Ma old tidal rhythmites

reveals that the ratio of the synodic to sidereal period

ranges from 1.069 to 1.077. This, in turn, corroborates

the suggestion of Kvale et al. (1999) that the variation

of this ratio through geological time was very small

(cf. Mazumder, 2002, 2004). The synodic to sidereal

conversion ratio as evident from the 2450 Ma old

Weeli Wolli Formation palaeotidal and palaeorota-

tional data (Williams, 2000, his Table 1, column 3) is

1.07. By using a ratio of 1.07 as the synodic to

sidereal period conversion factor, following the

methodology proposed by Kvale et al. (1999, p.

1160–1161), the minimum number of solar days per

sidereal month during the Chaibasa sedimentation
(late Paleoproterozoic) is determined to have been

~33.0/1.07=30.8. The only available quantitative

Archaean tidal record is from the 3200 Ma old

Moodies Group, South Africa (Eriksson and Simpson,

2000a,b). Mazumder (2001) estimated 26 lunar days

in a synodic month during the Moodies sedimentation.

However, Eriksson and Simpson (2001, p. 1160)

argued that the Moodies spectral periods (23.6 and 13,

Eriksson and Simpson, 2000a, their Fig. 5A,B) are a

combination of semidiurnal and diurnal signatures and

determination of lunar orbital periods (synodic and/or

tropical) therefrom is difficult. However, Eriksson and

Simpson (2000b) estimated a minimum of 18–20 days

in a lunar sidereal orbital period at 3200 Ma.

Subsequently, Eriksson and Simpson (2004) estimated

that the minimum number of lunar days in a synodic

month was 20 during the middle Archaean. Derivation

of the lunar synodic and/or tropical periods during the

Archaean is, thus, problematic. It must be mentioned

that the relationship between the lunar synodic and

sidereal period is related to the three-celestial body

(Sun–Earth–Moon) problem, a longstanding question

in astronomy and may be solved only by good quality

tidal rhythmite data (Poppe L. de Boer, personal

communication, 2003).

4.2. Calculating ancient Earth–Moon distance

To compute the ancient Earth–Moon distance, one

has to start with Kepler’s third law whose mathematical

expression has been given in Eq. (1). The lunar sideral

orbital period (length of the lunar sidereal month in

terms of solar days) has a reciprocal relationship with

the number of sidereal months (n) in a year (Kvale et

al., 1999). From Kvale et al. (1999):

n0=nð Þ2 ¼ a=a0ð Þ3 ð4Þ

where n and n0 refer to the number of sidereal month

per year in the past and present (13.37), respectively.

Thus we must have some reasonable estimate of either

Ts or n to compute the ancient Earth–Moon distance.

Effort has been made to compute the Earth–Moon

distance for different geological period using palae-

ontological (Kahn and Pompea, 1978; Runcorn,

1979a,b and references therein), as well as, sedimen-

tological (tidal rhythmite, Williams, 1989, 2000;

Kvale et al., 1999) data. It must be noted that the
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use of Kepler’s third law of planetary motion alone to

compute the semimajor axis of the lunar orbit (Earth–

Moon distance) in the geological past is problematic

(cf. Runcorn, 1979a,b). As in all physical processes,

angular momentum and energy are conserved. While

the Moon moves away from the Earth, its orbital

angular momentum increases. On the other hand, the

Earth’s rotational angular momentum decreases: its

rotation slows down and the length of day increases.

In the geological past, the Moon was closer to the

Earth and all its periods were therefore shorter.

Although by the Kepler’s third law of planetary

motion the month was shorter in the past, assuming

that lunar tidal friction has been causing the Moon to

retreat from the Earth, the day length was proportion-

ately even shorter: thus, the number of days in the

month were greater and not smaller in the geological

past (Runcorn, 1979a; Philip D. Nicholson, Cornell

University, pers. commun., 2004). This is corrobo-

rated by the palaeotidal and palaeorotational param-

eters calculated from Precambrian tidal rhythmites

(Williams, 2000, his Table 1). Kvale et al. (1999, p.

1166) calculated Pennsylvanian (~305 Ma) Earth–

Moon distance from the Brazil tidal rhythmite data

using both Eqs. (1) and (4) and the calculated

distances are exactly same. The length of the sidereal

month is usually expressed in terms of solar days/

month whose present value is 27.32. The number of

solar days in a Pennsylvanian (~305 Ma) lunar

sidereal month was 27.27 (Kvale et al., 1999, their

Fig. 12D), very close to its present value. Table 1

presents the calculated a/a0 from the Precambrian

palaeotidal data set given in Table 1 of Williams

(2000) using Eqs. (1) and (4). As one goes further

backward into the Precambrian, the number of days in
Table 1

Calculated a/a0 ratios from Precambrian tidal rhythmites (rhythmite data

Age 2450 Ma

Weeli Wolli

900 Maa Big

Cottonwood

9

C

Ts 30.0 30.3 2

Ts/T0 1.098 1.109

(a/a0)Ts 1.064 1.071

n 15.5 15.3 1

n0/n 0.862 0.874

(a/a0)n 0.906 0.914

a Primary data after Sonett and Chan, 1998.
b Primary data after Sonett et al., 1996.
a month becomes greater and not smaller (Runcorn,

1979b; Williams, 2000, his Table 1). Therefore the a/

a0 ratio becomes greater than 1, which is geophysi-

cally impossible (see Kahn and Pompea, 1979 and

references therein). Eriksson and Simpson (2000b)

estimated the Earth–Moon distance of ca. 45–48 Earth

radii at 3200 Ma using a lunar sidereal period of 18–

20 days. These authors considered these are the

minimum number of lunar days in a synodic month

(see also Eriksson and Simpson, 2004). They have

used the synodic to sidereal conversion factor of

1.0808 as proposed by Kvale et al. (1999) and

calculated the then Earth–Moon distance (Ed. Simp-

son, personal communication, 2004).

Geologists calculate the length of sidereal month by

dividing the length of the year by the number of sidereal

months in a year (cf.Williams, 1989, 2000; Kvale et al.,

1999). It is generally assumed that the length of the year

is unchanged (cf. Kvale et al., 1999, p. 1161) or not

significantly different from the present length of

31.56�106 s if there is no secular change in universal

gravitational constant (G) (Williams, 2000, pp. 47 and

55). Recent experimental results have produced con-

flicting values of G (Gillies, 1997, his Tables 6 and 7)

and, in spite of some progress and much interest, there

remains to date no universally accepted way of

predicting its absolute value. A related issue is the

assignment of uncertainity to the absolute value ofG. It

has been argued that without a clear, confirmed

relationship between G and any natural fundamental

constant or measured physical quantity, very little else

can be done on these issues (Gillies, 1997). Although

Mars Viking Lander and lunar laser-ranging data

indicate negligible change in planetary orbital radii

implying thereby negligible planetary expansion (i.e.
taken from Williams, 2000, his Table 1)

00 Mab Big

ottonwood

620 Ma

Elatina

Modern

9.1 28.3 27.32 (T0)

1.065 1.036

1.043 1.023 3.844�1010 cm (a0)

4.5 14.1 13.37 (n0)

0.922 0.948

0.947 0.965
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negligible change in G, Hellings et al., 1983; Chandler

et al., 1993; Dickey et al., 1994; Williams, 2000), the

possibility of secular change in G in the distant

geological past, particularly during Precambrian can-

not be ruled out (Creer, 1965; Glikson, 1980; Gillies,

1997). A secular decrease in the G value has been

postulated by a number of researchers from theoretical

and observational viewpoint (Branes and Dicke, 1961;

Dicke, 1962; Runcorn, 1964, 1979b; Hoyle and

Narlikar, 1972; Carey, 1975, 1976).

It has been argued that a postulated secular decrease

in G (i.e. YbY0) is not supported by morphologic

studies of Mercury, Mars and the Moon as because

these bodies show little or no evidence of expansion, an

expected consequence of secular decrease in G value

(cf. Crossley and Stevens, 1976; McElhinny et al.,

1978; Williams, 2000, 2004). Also it has been claimed

that calculation of possible changes in the Earth’s

radius, if there is any, from an examination of its surface

features is not possible because of their continuous

reshaping by a variety of geological processes since its

origin (McElhinny et al., 1978). It must be noted that

Crossley and Stevens (1976) have questioned but not

ruled out the possibility of postulated secular decrease

in G value. These authors clearly stated that the

Mercury expansion might have taken place that has

been entirely taken up in the unphotographed portions

(Crossley and Stevens, 1976, p. 1724). Alternatively,

some processes, such as thermal contraction during

cooling, might have kept the volume nearly constant as

G decreased (Crossley and Stevens, 1976). The enigma

regarding the nature of unrecorded two-thirds to three-

quarters of the Proterozoic crust on a globe of present-

day dimensions can only be explained had the Earth’s

surface area grown with time (cf. Glikson, 1980).

4.3. Earth’s moment of inertia

It has been claimed that the palaeotidal and

palaeorotational data obtained from ancient tidal

rhythmite can be used to test whether the Earth’s

moment of inertia, and thus the Earth’s radius has

been changed over geological time (cf. Runcorn,

1964; Williams, 2000, 2004). From Runcorn (1964)

1� L=L0 ¼ � 1þ IxY0=I0x0Yð Þð Þ=4:83 1þ bð Þ
ð5Þ
where L/L0 is the ratio of the past to the present lunar

orbital angular momentum, I and I0 are Earth’s present

and past moment of inertia, x and x0 are Earth’s

present and past rotation rates, Y and Y0 are lengths of

the past and present years, b is the present ratio of solar

to lunar retarding torques acting on Earth and 4.83

(Williams used a value 4.93 instead of 4.83 following

Deubner, 1990, see Williams, 2000, pp. 54–55) is the

present ratio of Moons orbital angular momentum to

Earth’s spin angular momentum and:

L0=Lð Þ3 ¼ T0x= Y0Tsð Þ ð6Þ

Assuming no secular change in universal gravita-

tional constant and, hence, putting Y=Y0, Williams

(2000) computed the I/I0 ratio for different b values

using the ~620 Ma old Elatina-Reynella palaeotidal

and palaeorotational data set in Eqs. (5) and (6). He

estimated the I/I0=1.006–1.014 (F0.018) and claimed

that the Elatina-Reynella rhythmite data argue against

significant overall change in Earth’s moment of inertia

and thus Earth’s expansion since ~620 Ma (Williams,

2000, p. 55; see also Williams, 2004). However, from

Runcorn (1964, 1979a,b):

G2Ts=G
2
0T0 ¼ L=L0ð Þ3 ð7Þ

where G is not necessarily constant over geological

time (Runcorn, 1979b, p. p1). Runcorn (1964, p. 824),

considering the possibility that G varies inversely as

the time since the origin of the Universe, calculated

that INI0 (0.85F0.003) for b=1/3.7 and INI0
(0.84F0.003) for b=1/5.5. This implies that slow

Earth expansion might have occurred if G varies

(Runcorn, 1964, p. 825).

4.4. Internal self-consistency of palaeotidal and

palaeorotational values

The accuracy of palaeotidal periods derived from

the tidal rhythmites depends on the length as well as

continuity of data (Williams, 1997, 2004). Measure-

ment of successive bed/lamina thicknesses commonly

provides an abbreviated palaeotidal period because of

several reasons as discussed in Section 3.1. As a

consequence, the spectra can have peaks shifted from

true values (cf. Williams, 2000). It is therefore essential

to recognize abbreviation in the raw data and conse-

quent shifts of spectral periods for correct interpretation

of the palaeotidal periods.
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Williams (1991, 1997) proposed a methodology for

testing the geophysical validity of the palaeotidal and

palaeorotational parameters. He calculated the a/a0
ratio by using independent primary values derived

directly from the Neoproterozoic (~620 Ma) Elatina-

Reynella rhythmite record using three different laws of

celestial mechanics (cf. Williams, 2000, p. 50). Among

these three equations, one (Kepler’s third law of

planetary motion) has already been discussed in the

Sections 4.1 and 4.2. The other two laws are explained

below.

The lunar nodal period (P, period of precession of

the lunar orbit) depends on the Earth–Moon distance

according to the following expression (after Kaula,

1969; Walker and Zahnle, 1986):

P ¼ P0 cos i0=cos i½ � a0=að Þ1:5 ð8Þ

where the modern values are P0=18.6 years, a0=

3.84�1010 cm and i0=5.158, which is the inclination

of the lunar orbit to the ecliptic. It is possible to

calculate the Earth–Moon distance in the geological

past if the ancient P and i values are known. The loss

of the Earth’s rotational angular momentum resulting

from tidal friction of the Sun and the Moon and the

change in lunar orbital angular momentum can be

expressed as follows (Williams, 2000, p. 51):

1:219� 1=4:93ð Þ x=x0ð Þ

¼ a=a0ð Þ1=2 þ 0:46ð Þ2=13
h i

a=a0ð Þ13=2
h i

ð9Þ

where x0 and x are the Earth’s present and past

rotation rates, and the present ratio of the Moon’s

orbital angular momentum to the Earth’s spin angular

momentum=4.93 (after Deubner, 1990). It is thus

possible to compute the (a/a0) ratio if x is known.

It has been suggested that if the calculated a/a0
ratios using three different equations of celestial

mechanics agree well, the palaeotidal and palae-

orotational values are internally consistent and

geophysically valid (Williams, 1989, 2000, 2004).

Williams (2000) has demonstrated that ~620 Ma

old Elatina-Reynella palaeotidal and palaeorota-

tional values are internally self-consistent and

geophysically valid. It is clear from Eqs. (1), (8),

and (9) that one must determine Ts, P, i, and x from

the rhythmite record in order to compute the a/a0
ratios. Among these four variables, i cannot be
determined from the rhythmite record (Williams

assumed negligible change in i during the 0–620

Ma time span, but inclination of lunar orbit to the

ecliptic in the distant geologic past, particularly during

early Precambrian is solely a matter of speculation!).

Ts and x can be determined from the rhythmite data.

The lunar nodal period, P, around ~900 Ma is

unknown. Trendall (1973) suggested that the 23.3-

year cyclicity preserved within the 2450 Ma old Weeli

Wolli banded iron formation may represent a cycle

equivalent to the modern double sunspot (Hale) cycle,

but Walker and Zahnle (1986) reinterpreted it as an

expression of the lunar nodal cycle (see also Trendall

and Blockley, 2004). Subsequently, Williams (2000,

his Table 1) derived P (21.6F0.7) from Weeli Wolli

primary value using Eq. (8). It is therefore difficult to

decide which value one should use in order to

calculate the a/a0 during the Paleoproterozoic. The

lunar nodal period during 3200 Ma is also unknown.

Therefore, the geophysical validity of the palaeotidal

and palaeorotational values derived from the 900,

2450 and 3200 Ma old tidal rhythmites are unverified.

As Williams (2004) pointed out, validated and

internally self-consistent palaeotidal data that are in

accordance with the laws of celestial mechanics are

required to calculate reliable Earth’s palaeorotational

parameters.
5. Tidal rhythmite and palaeogeophysics:

limitations

Analysis of ancient tidal rhythmite may help us to

estimate the palaeolunar orbital periods in terms of

lunar days/month accurately (cf. Williams, 1989,

2000; Archer, 1996a; Kvale et al., 1999; Kvale,

2003; Eriksson and Simpson, 2004). Determination

of absolute Earth–Moon distances and Earth’s palae-

orotational parameters in the distant geological past

from tidal rhythmite, however, is ambiguous because

of the difficulties in determining the absolute length of

the ancient lunar sidereal month (cf. Runcorn,

1979a,b; Kahn and Pompea, 1978, 1979). It is

obvious that in the distant geological past, the Moon

was closer to the Earth and all its orbital periods were

therefore shorter. However, determination of the

Earth–Moon distance in the distant geological past

using Keplers third law of planetary motions require
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absolute length of the sidereal month, not the number

of days in a sidereal month. Recent experimental

results have produced conflicting G values, and there

remains today no universally accepted way of

predicting the absolute value of G and also its

uncertainty limit. Gillies (1997) clearly stated that

‘‘In the absence of a bona fide theoretical prediction,

and with the experimental results exhibiting the scatter

that they do, the question becomes largely one of

deciding on an algorithm for weighting (if appropri-

ate) and averaging a set of existing measurements that

satisfy suitable selection criteria.’’

The most intriguing and hitherto unsolved question

about G is that of whether or not it is truly a constant at

all, or if instead its valuemight be changing slowly with

time (cf. Gillies, 1997). If so, the length of the year and

Earth’s moment of inertia was different in the geo-

logical past. The question is a fundamental one, and has

been the focus of much thought over the last several

decades. Without it, the calculated absolute Earth–

Moon distances and Earth’s palaeorotational parame-

ters in the distant geologic past are highly speculative.
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