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Tides have fascinated humans for millennia. Their regularity and their apparent
correlation with lunar behavior intrigued natural philosophers, even the Greeks, who
live on an essentially tideless sea although there are strong tidal currents in localized
constrictions. Apparently, they learned about tides from areas outside the Straits of
Gibralter and from the Arabs who experienced significant tides in the Persian Gulf.
From a practical perspective, tidal changes in water elevation and the currents
associated with these changes were of great importance for shipping and military
purposes. In areas such as the countries surrounding the southern North Sea, such
considerations required accurate tidal predictions, which in turn drew the attention of
some of the greatest astronomers and mathematicians.

Among the notable individuals who devoted at least part of their careers to the
study of tides, and have contributed to our understanding of them are Galileo,
Descartes, Bacon, Kepler, Euler, Laplace, and Lord Kelvin (Cartwight 1999). Indeed,
many of the widely used mathematical techniques that we now take for granted were
developed to help understand the behavior of the tides. More recently, interest in tides
and storm surges has been fostered by the need to protect ever-increasing coastal
population centers from catastrophic inundation, and by the desire to “reclaim” tidal
flats for agricultural and industrial purposes. Foremost in this activity have been The
Netherlands, Germany, and adjacent parts of Denmark.

Research on the nature of tidal deposits has been underway for about 50 years.
Early studies on the Wadden Sea along the North Sea coast of The Netherlands and
Germany were among the original landmark efforts in this area (e.g. van Straaten
1954; Postma 1961; Reineck 1963), and were followed closely by work in England
(Evans 1965) and France (Bajard 1966). Such efforts were driven by the dual need to
understand the coastal zone for the protection of population centers and to provide an
actualistic analog for ancient sedimentary successions. In North America, Klein’s
work on the Bay of Fundy (Klein 1963) initiated detailed efforts in that part of the
world. The early German work in the North Sea had a major biological and ichno-
logical component, a topic that was pursued systematically at the Skidaway Institute
of Oceanography in the southeastern United States (e.g. Frey and Howard 1969).
Despite having some of the most widespread tidal flats in the world, work along the
Chinese coast was relatively slow to develop, although there were notable early studies
(e.g. Wang 1963). In the carbonate realm, pioneering studies were conducted on the
tidal flats of Andros Island, the Bahamas (e.g. Shinn et al. 1969), and the Persian Gulf
(Evans et al. 1969).

In spite of important work on the shallow-marine tidal deposits in the seas of
northwestern Europe (e.g. Stride 1963), most of the early work on modern tidal
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deposits was devoted to study of intertidal environments, mainly because they were
readily accessible. This fixation on the intertidal zone is perhaps nowhere more
evident in the influential compilation of examples contained in the book 7Tidal
Deposits: A Casebook of Recent Examples and Fossil Counterparts (Ginsburg 1975).
Indeed, the upward-fining succession developed by the progradation of a tidal flat
was among the very first facies models created. Application of these studies to the
rock record was widespread in the carbonate literature, with numerous documented
examples being published through the 1960s, 1970s and 1980s. By comparison, the
extension of the work on the modern tidal deposits to ancient siliciclastic successions
was slow. At least one impediment to the widespread application to the ancient was
the notion put forward by Irwin (1965), and since largely disproven, at least for
siliciclastic sediments, that the expansive epicontinental seas of the past were largely
tideless, as a result of frictional damping of the tidal wave. An even greater impedi-
ment was the lack of definitive criteria for the recognition of tidal deposits, given that
exposure indicators are much less easily preserved in siliciclastic tidal deposits than
they are in carbonates. Thus, a milestone in the study of tidal deposits occurred in
1980 with the publication by Visser (1980) of “tidal bundles” in cross beds formed by
subaqueous dunes, which provided the first documentation of a definitive indicator of
tidal sedimentation, spawned the widespread recognition of ancient tidal deposits in
an ever-growing number of localities.

Gradually, the focus of research on modern tidal environments has shifted away
from tidal flats, toward a more comprehensive examination of tidal sedimentation in
a wide range of settings, including even the deep ocean. Studies have tended to become
more holistic in their treatment of entire depositional systems, rather than concentrating
on only one part (e.g. tidal flats) of the whole. This more comprehensive approach is
evident in many of the papers in this volume.

Because of the increasing attention given to tidal deposits it became important to
organize a uniform nomenclature and approach to their study. As a consequence, Robert
N. Ginsburg organized and hosted a conference of interested researchers in February of
1973. It included field experiences in both siliciclastic (Sapelo Island, Georgia, USA)
and carbonate areas (Florida Keys, USA and the Bahamas), followed by presentations
of research on “tidalites” (a term coined by George deVries Klein (1971)) by all in
attendance. The next similar conference was held in The Netherlands in 1986, followed
in regular succession by a series International Conferences on Tidal Sedimentology that
has met in Calgary, Canada (1989), Wilhelmshaven, Germany (1992), Savannah,
Georgia USA (1996), Seoul, Korea (2000), Copenhagen, Denmark (2004) and, most
recently, in Qingdao, China (2008). The next meeting will be in Caen, France in 2012.

The meeting in 2008 in China was particularly stimulating with an attendance that
surpassed any previous meeting. The expansion of interest in tidal deposits appears to
be spurred by two factors: the need to understand coastal tidal environments in order
to predict how these sensitive environments might respond to sea-level rise and
climate change; and providing data and interpretations to help in understanding
ancient depositional environments that were influenced by tides. Davis thought it was
a good time to assemble a principles-type volume on the topic of tidal sedimentology
given that no such synthesis exists, and because there has been so much new research
on tidal environments and deposits over the last few years. Dalrymple agreed to be
co-editor and the result of their efforts is this volume.

The purpose of this volume is to provide the first-ever, high-level overview of tidal
sedimentology. Many of the chapters contain the first-ever synthesis of information
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on the particular topic! The approach is comprehensive with state-of-the-art reviews
of the full spectrum of tidal depositional environments, from supratidal salt marshes,
through the full range of coastal environments and continental shelves, to the deep
sea. Examples from modern environments and ancient deposits are provided, and
both siliciclastic and carbonate environments are discussed. The book is organized in
the following four parts. (1) Chapters 1-4 provide overviews of the fundamentals of:
the generation of tides, the nature of sediment transport by tidal currents, the criteria
by which tidal deposits can be recognized, and the ichnology of tidal deposits. The
later chapter represents the first time that the ichnological characteristics of tidal depo-
sits have been reviewed systematically. (2) Chapters 5-14 review the characteristics
of the full range of siliciclastic tidal environments, including both tide-dominated
estuaries and deltas, as well as the various tidal components of barrier-lagoon systems.
These chapters cover all aspects of the sedimentology of these environments, from
the details of the physical processes operating in them, through the morphodynamics
and facies, and the stratigraphic organization of the deposits. (3) Chapters 15-18
provide syntheses of particular times and places in earth history where tidal deposits
are particularly notable. The chapter on the Precambrian reviews tidal sedimentation
at a time when the Moon was significantly closer to the Earth and the tide-generating
force should have been stronger. The reviews of the tidal deposits in the Illinois Basin
(Carboniferous age), Western Interior Seaway (Cretaceous) and Spanish Pyrenean Basin
(Eocene) provide unique insights into the large-scale (tectonic and relative sea level)
controls on the spatial and temporal distribution of tidal sedimentation. (4) Chapters
19-21 discuss tidal sedimentation in modern and ancient carbonate environments.

Experts from throughout the world have been chosen to be the lead authors on
each of the chapters. They and their co-authors build on their considerable personal
experience to present insightful syntheses of the latest research in the particular topic.
Each chapter has abundant illustrations, many of which are in color to enhance their
effectiveness. References are extensive and include historically important ones as
well as those on the leading edge of each topic.

Because of the uniquely broad coverage within each of the chapters, and in the
volume as a whole, this book should be of value to a wide range of researchers. Workers
who study modern sedimentary environments, and especially coastal settings, including
environmental managers and coastal engineers, will find much about the dynamics of
these environments that will assist them to develop protection strategies that are
compatible with the natural behavior of these complex systems, including their
response to potentially rising sea level. Geologists who study ancient sedimentary
successions, whether for more academic or more applied reasons, will find a wealth
of information about the behavior of tidal environments, ranging from the nature of
the facies, through small-scale sedimentary successions, to the largest-scale sequence-
stratigraphic control on tidal sedimentation.

The editors and authors gratefully acknowledge the financial support of numerous
funding agencies that have provided support for their respective research activities.
They also thank the people who have provided excellent and constructive reviews
(see below). The editors appreciate the cooperation of Dr. Robert Doe and his staff at
Springer Publishers.
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Abstract

The origin of oceanic tides is a basic concept taught in most introductory
college-level sedimentology, geology, oceanography, and astronomy courses.
Tides are commonly explained in the context of the equilibrium-tidal theory
model. The equilibrium model explains tides in the context of changes in two
hemisphere-opposite tidal bulges through which the Earth spins. The position
and size of these tidal bulges relative to the Earth’s equator is largely controlled by
the phases of the Moon and changes in declination and orbital distance of the
Moon in its orbit around the Earth. While explaining the driving forces that cause
tides, the equilibrium model does not explain most of the tides observed in the
Earth’s oceans.

A complete explanation of the origin of tides must include a discussion of
dynamic tidal theory. In the dynamic tidal model, tides resulting from the motions
of the Moon in its orbit around the Earth and the Earth in its orbit around the Sun
are modeled as products of the combined effects of a series of phantom satellites.
The movement of each of these satellites, relative to the Earth’s equator, creates its
own tidal wave that moves around an amphidromic point. Each of these waves is
referred to as a tidal “constituent” or “species.” The geometries of the ocean basins
determine which of these constituents are amplified. Thus, the tide-raising poten-
tial for any locality on Earth can be conceptualized as the summation of the ampli-
tudes of a series of tidal constituents specific to that region. A better understanding
of tidal cycles opens up remarkable opportunities for research on tidal deposits
with implications for, among other things, a more complete understanding of the
tidal dynamics responsible for sediment transport and deposition, tectonic-induced
changes in paleogeographies, and changes in Earth—-Moon distance through time.

1.1 Introduction

Tidal rhythmites, small-scale sedimentary structures
that include thinly layered, fine grained sediments,
record, through the cyclic variations in the thicknesses
of successive laminae, changes in current velocities
associated with lunar/solar cycles. The thickness of a

R.A. Davis, Jr. and R.W. Dalrymple (eds.), Principles of Tidal Sedimentology, 1
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lamina is directly and positively related to tidal current
strength, which in turn is directly and positively related
to the magnitude of the daily rise and fall of the tide
(tidal range). Over periods of days, months, or years,
changes in tidal current strengths associated with
various lunar/solar cycles are mirrored by the change
in thicknesses of the vertically stacked laminae.

Modern and ancient tidal rhythmites have been found
on every continent in the world except Antarctica. In
modern environments, tidal rthythmites occur in depos-
its associated with tide-dominated deltas, tidal embay-
ments, and estuaries. Tidal rhythmites can be used for
reconstructing ancient paleogeographies and paleocli-
mates (e.g. this chapter, Hovikoski et al. 2005; Kvale
et al. 1994), estimating paleotidal ranges (e.g. Archer
1995; Archer and Johnson 1997), understanding chan-
nel migration in the fluvio-estuaring transition (Choi
2010) determining lunar-retreat rates through time (e.g.
Williams 1989; Kvale et al. 1999), and most recently,
have been used to infer the major tidal constituents
associated with the tides that deposited them (e.g.
Kvale 2006). In order to understand tidal rhythmites,
however, one has to understand how tides are generated
and what controls their genesis.

The impact of diurnal, semidiurnal, and semimonthly
(neap-spring) tidal cycles on sediment deposition has
been well documented since the early 1980s (e.g. Visser
1980; Boersma and Terwindt 1981; Allen 1981). For
many geologists these became benchmark papers when
they were published because they showed how deposi-
tional packages within sedimentary successions can be
linked to a tidal origin. However, it was the discovery
of modern and ancient tidal rhythmites in the late 1980s
and 1990s that showed that a hierarchy of tidal cycles,
beyond simple semidaily, daily or fortnightly events,
could be preserved in the rock record (e.g. Kvale et al.
1989; Williams 1989; Dalrymple and Makino 1989;
Archer et al. 1991; Kvale et al. 1994; Miller and
Eriksson 1997). Tidal cycles associated with monthly,
semiannual, annual (usually includes a significant sea-
sonal climatic component), and even an approximately
18-year cycle have been identified from ancient tidal
rhythmites.

Studies, however, showed that the understanding of
one of the most basic of the tidal cycles, the neap-spring
or fortnightly tidal cycle, by most geologists, and
apparently many oceanographers, and astronomers as
well, was over-simplified. Many college-level textbooks
today continue to propagate a basic misunderstanding

E.P. Kvale

of the neap-spring cycles and the origin of oceanic
tides in general (e.g. Duxbury et al. 2002).

The intent of this chapter is neither to outline a
history of the study of tides and tidal deposits nor to
document the current state of knowledge regarding
the history of the Earth-Moon system. These issues
are treated in some detail in Klein (1998), Rosenberg
(1997), Williams (2000), and Coughenour et al.
(2009). Rather, it is to explain some basic tidal theory
and show how a more complete knowledge of ancient
tides can be extracted from the rock record. Most of
the information contained within this chapter is dis-
tilled from two summary papers: Kvale et al. (1999)
and Kvale (2006).

To truly understand tidal systems and, in particular,
the genesis of tidal rhythmites it is useful to understand
both an equilibrium tidal model and a dynamic tidal
model. The former explains the driving forces behind
the formation of tides and is commonly taught to
geology, oceanography, and astronomy undergraduates,
whereas the later, more accurately explains real-world
tides and is more useful in interpreting the rock record.
An understanding of both models is essential to anyone
who studies tides and tidal deposits, and both will be
discussed.

1.2  Equilibrium Tidal Theory
Most geologists understand tidal periodicities in the
context of equilibrium tidal theory. Tides are generated
by the gravitational forces of the Moon and, to a lesser
degree, the Sun on the Earth. The Moon accounts for
approximately 70% of the tide-raising force because of
its proximity to the Earth. In an equilibrium world, the
Earth is covered by an ocean of uniform depth that
responds instantaneously to changes in tractive forces
(MacMillan 1966). The equilibrium model can be used
to explain five of the six tidal periodicities that have
been commonly detected in rhythmite successions.
These six cycles are illustrated in Figs. 1.1-1.6 (previ-
ously illustrated in Kvale et al. 1998). A seventh cycle
known as the “nodal cycle”, an approximately 18 year-
tidal cycle, and very well documented by Miller and
Eriksson (1997) within the Pride Shale, a lower
Carboniferous succession found in West Virginia, is
not illustrated here.

The figures each illustrate (from upper left to lower
right): A diagram and explanation of the equilibrium



1 Tidal Constituents of Modern and Ancient Tidal Rhythmites: Criteria for Recognition and Analyses

SUN
EARTH (equatorial view)

DOMINANT

TIDAL BULGE

Cc PENNSYLVANIAN (MORROWAN)

Fig. 1.1 Semidiurnal equilibrium model. (a) Two oceanic tidal
bulges are produced on opposite sides of the Earth by the gravita-
tional forces of the Sun and the Moon. (b) Two tides are produced
each day by the spin of the Earth through these bulges. The diur-
nal inequality is produced when the tidal bulges are not centered
above the Earths equator. Semidiurnal tides can be recognized in

tidal theory of five of the six tidal periods; a bar chart
of tidal height data (high tide elevations) from a modern,
real-world setting that shows how the astronomical
effects are reflected in cyclic changes in daily high
tides; a core from an ancient tidal rhythmite succession
showing how these cyclic tidal effects might be mani-
fested in a laminated tidal rhythmite; and a bar chart of
laminae thicknesses interpreted in the context of the
modern tidal cycle.

1.2.1 Semidiurnal (12.42 h)

Within the equilibrium tidal model, the interaction of
tidal forces from the Moon and Sun produce two oce-
anic bulges on opposite sides of the Earth (Fig. 1.1).
The rotation of a point on the Earth through these
bulges once a day produces two tides (the semidiur-
nal tide). Typically, these tides are not equal (termed
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the rock record by the coupling of thick and thin lamina (¢) and
graphically in the thickness measurements of laminated sequences
(d) as preserved in the tidal rhythmite succession from the
Pennsylvanian Mansfield Formation (Hindostan whetstone beds)
from Orange County, Indiana, USA (From Kvale and others
(1998) and used by permission from SEPM)

diurnal inequality), as one tide is higher (dominant)
than the other (subordinate) because the Moon’s
orbital plane and the Earth’s equatorial plane are not
parallel. The angular difference between the two
planes is termed lunar declination.

1.2.2 Synodic (29.53 Days)

Daily high tides are higher when the Earth, Moon, and
Sun are nearly aligned (full or new moon); this is
referred to as “syzygy” (Fig. 1.2). Conversely, lower
tides occur when the Sun and Moon are at right angles
to the Earth (first or third quarter phase), also known as
“quadrature”. Tides during full or new moon are
referred to as spring tides: “spring” in this context
refers to “lively” or “energetic” rather than implying a
seasonal connotation. Tides at quarter phases are
referred to as neap tides. The neap-spring tidal period



a EARTH (polar view)
NEAP
(1st quarter)

SPRING
(new)

(3

Cc PENNSYLVANIAN (MORROWAN)

rd quarter)

Fig. 1.2 Synodic equilibrium model. (a) In an equilibrium
tidal model, spring tides occur when the Earth, Moon, and Sun
align during full or new moon (also known as “syzygy”).
Equlibrium neap tides occur when the Moon-Earth alignment is
90° from an Earth-Sun alignment (also known as “quadrature”).
The synodic month (currently 29.53 days) is the time it takes for
the Moon to orbit the Earth when measured from a new Moon
to the next new Moon. When neap-spring tides can be timed to
phases of the Moon they are referred to as “synodic neap-spring

in the equilibrium model is related to the changing
phases of the Moon associated with the half-synodic
month. The synodic month (new moon to new moon,
or full moon to full moon) has a modern period of
29.53 days and encompasses two neap-spring cycles.

1.2.3 Tropical (Semidiurnal, 27.33 Days)

The tidal force also depends on the declination of the
Moon (Fig. 1.3). In this usage, “declination” refers to
the tilt or angle of the Moon’s orbit relative to the
Earth’s equatorial plane. The period of the variation in
declination is called the tropical month — the interval of
time it takes the Moon to complete one full orbit from
its maximum northern declination to its maximum
southern declination and then return. The effect of the
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tides” (Kvale 2006). (b) Graph of tidal heights of a portion of
the 1991 predicted high tides for Kwajalein Atoll, Pacific
(NOAA 1990) showing the effects of changing lunar phases.
(c¢) Portion of a core from the Mansfield Formation (Hindostan
whetstone beds), Indiana, USA with neap and spring tidal
deposits labeled. (d) Measurements of laminae thicknesses
from Hindostan whetstone beds with neap and spring tidal
deposits labeled (From Kvale et al. (1998) and used by permis-
sion from SEPM)

tropical month in an equilibrium semidiurnal tidal
system is to cause the diurnal inequality of the tides.
Ideally, diurnal inequality is greatest when the Moon is
at its maximum declination. This inequality is reduced
to zero when the Moon is over the equator, producing a
crossover in the tidal data (Fig. 1.3). The current length
of the tropical month is 27.32 days (2 days shorter than
the synodic month — see synodic discussion above).
Because of this difference, equatorial passages of the
Moon, called crossovers, have a shorter periodicity than
the periodicity related to synodic neap-spring tides.

1.2.4 Tropical (Diurnal, 27.32 Days)

In modern, dominantly diurnal systems (primarily
one tide per day), the tropical period described above
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Fig. 1.3 Tropical, semidiurnal equilibrium model. (a) Model of the
Moon in orbit around the Earth. The lunar declination is exaggerated
from its modern range of 18-28°. The tropical month (currently
27.32 days) is the time it takes for the Moon to move from its
maximum northern declination to its southernmost declination and
back to its northernmost declination in a single orbit. (b) Graph
of tidal heights of a portion of the same modern tidal record shown
in Fig. 1.2b illustrating diurnal inequality of semidiurnal tides.

is responsible for generating neap-spring cycles. In
contrast to the synodic system, tides in a tropical sys-
tem behave as though the Sun’s gravitational effects
are dampened, which is impossible to explain in an
equilibrium tidal model (Fig. 1.4). In such cases, the
dominant tidal force depends on the declination of
the Moon relative to the Earth’s equator with the
force being greatest when the Moon is most directly
over the site in question. In these systems, the pre-
dicted and ancient tide data reveal that equatorial
passages of the Moon (crossovers) occur in phase
with the generation of neap-spring tides, in contrast
to the variable relationship exhibited by tropical
(semidiurnal) tides.
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Note diurnal inequality goes to zero when the Moon passes
directly over the Earth’s equator. (¢) Image of core shown in
Fig. 1.2c showing approximate position (labeled “C”) when Moon
was above the Earth’s equator during deposition. Note the approx-
imate equal thicknesses of the lamina on either side of the arrow.
(d) Bar chart shown in Fig. 1.2d with arrows denoting passages
of the Moon above the Earth’s equator during deposition (From
Kvale et al. (1998) and used by permission from SEPM)

1.2.5 Anomalistic (27.55 Days)

Another tidal effect arises from the changing distance of
the Moon relative to the Earth during the lunar orbit
(Fig. 1.5). Because the lunar orbit forms an ellipse, with
the Earth slightly offset from the center, the Moon alter-
nates between perigee (closest approach to the Earth) and
apogee (the farthest distance from the Earth). During the
lunar synodic month there will be two spring tides (see
synodic periods described above). These spring tides,
however, will be of unequal magnitude producing alter-
nating high-spring and low-spring tides, which corre-
spond to spring tides during or near perigee (high spring)
and spring tides during or near apogee (low spring).



6 E.P. Kvale
a b C - Equatorial Passage of Moon (Crossover)
| o e o e
NORTH OF EQUATOR S o e S Do

SOUTH OF EQUATOR

C PENNSYLVANIAN (ATOKAN)

Fig. 1.4 Tropical diurnal model. (a) Model of the Moon in its
orbit around the Earth (see Fig. 1.3a). (b) Graph showing the
1994 predicted relative high tides (mixed, predominantly diur-
nal) for the Barito River estuary in Borneo (NOAA 1993). Note
the passages of the Moon above the Earth’s equator perfectly
track the neap tides and spring tides to the maximum declinations
of the Moon in its orbit around the Earth, a pattern not predicted
by equilibrium tidal theory. Such neap-spring tidal cycles are
termed “tropical neap-spring tides” (Kvale 2006). (¢) Photograph

The semimonthly inequality of the spring tides disappears
when the Moon lies along the minor axis of the lunar
orbit and the difference in lunar distance is minimized
during subsequent spring tides. The time it takes for the
Moon to move from perigee to perigee is called the
anomalistic month, which is at present 27.55 days.

1.2.6 Semiannual (182.6 Days)

The synodic, tropical, and anomalistic periods have
slightly different values. Because of this, these periods
will interact constructively twice each year causing tidal
forces at these times to reach a maximum (as shown by
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of a portion of a core from the Pennsylvanian Brazil Formation,
Daviess County, Indiana, USA. Arrows indicate lamina depos-
ited with the Moon was above the Earth’s equator. (d) Bar chart
of lamina thicknesses measured from core obtained from the
Brazil Formation. This unit also is mixed, predominantly diurnal.
Note the diurnal inequality of the semidiurnal component goes to
zero only in the neap tide deposits. This corresponds to the Moon
above the Earth’s equator during deposition (From Kvale and
others (1998) and used by permission from SEPM)

the dashed line in Fig. 1.6). In the equilibrium tidal
model, the date of this tidal maximum is a function of
latitude that is related to the declinational effects of the
Moon and Sun. An annual inequality has been docu-
mented in several ancient tidal rhythmite successions
(Kvale et al. 1994). This inequality is interpreted to be
climatic (non-tidal) in origin.

1.3  Dynamic Tidal Theory

As noted in the introduction, the equilibrium tidal
model explains the driving forces that cause tides but
does not explain real-world tides. For instance, the
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Fig. 1.5 Anomalistic equilibrium model. (a) Polar view of the
Moon in orbit around the Earth. Note that lunar orbit is not
perfectly circular but somewhat elliptical (greatly exaggerated
in the diagram) and that the Earth is not position in the direct
center of the orbit path. The time it takes for the Moon to go
from perigee (closest approach) to apogee (furthest from the
Earth) and return is called the “anomalistic month”, which is
27.55 days long at present. (b) Graph showing the 1992 pre-
dicted high tides for Saint John, New Brunswick, Canada
(NOAA 1991) showing the effects of the anomalistic month on

world does not spin through two tidal bulges. Instead,
oceanic tides rotate as waves around fixed (amphidro-
mic) points within individual ocean basins (Fig. 1.7).
Equilibrium tidal theory indicates that diurnal tides
should exist only at very high latitudinal positions,
which is not the case. For example, the Gulf of Mexico
and large tracts in the Indian and western Pacific oceans
are dominated by diurnal tides. Tides like those found
in Immingham, England, where the semidiurnal tides
have minimal diurnal inequality, cannot be explained
by equilibrium tidal theory, which requires such tides
to exist only in equatorial positions. Finally, equilib-
rium tidal theory does not explain neap-spring tidal
cycles which are synchronous with the 27.32 tropical
monthly period such as illustrated in Fig. 1.4.

The difficulties in understanding and explaining
real-world tides can be addressed by a dynamic tidal
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the Saint John tides. Note the semimonthly inequality goes to
zero when the Moon and Sun are aligned with the Moon’s
minor orbital axis (termed “phase flip”). (¢) Photograph of a
core from the Mississippian Tar Springs Formation, Indiana,
USA showing the effects of the anomalistic month on neap-
spring tidal deposition. (d) Graph illustrating thicknesses as
measured between neap-to-neap tide deposits from the Tar
Springs Formation core, a portion of which is shown in
Fig. 1.5c. Note the position of the “phase flip” (From Kvale
et al. (1998) and used by permission from SEPM)

model. This model is built around the concept of a
harmonic analysis of the components that compose
real-world tides. For instance, the Moon and Sun each
generate their own tide within the Earth’s oceans. Since
the orbits of the Earth around the Sun and the Moon
around the Earth are not perfectly circular, the ampli-
tude of the tides generated by each of these bodies, in
part, fluctuates depending on the Earth’s proximity
to the Sun and, much more importantly, the Moon’s
distance from the Earth. Periodically each of these
tides will constructively or destructively interact with
each other. The tides associated with changes in Moon-
Earth distance or Earth-Sun distance can be considered
to be a constituent of the overall tide, which can affect
any coastline.

To model these tidal constituents (also known as
tidal “species”) oceanographers conceptualize each
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PERIGEE

Fig. 1.6 Semiannual equilibrium model. (a) View of the con-
figuration of the Earth, Moon, and Sun representing the maxi-
mum spring tides formed when the Moon is at perigee, maximum
northern declination and new. Such spring tides occur every
182.6 days. (b) 1992 predicted high tides from Saint John, New
Brunswick, Canada (NOAA 1991) showing the effects of the
semiannual convergence of maximum spring tides. (¢) Photograph

constituent as a phantom “satellite” that has its own
mass (that of the Moon, Sun, or a combination of the
two). Each phantom “satellite” has a motion within a
plane or is fixed relative to the stars and each generates
its own tide with a unique period, response time, and
amplitude (Pugh 1987) (Table 1.1). For instance S,
represents the twice-daily tide generated at a fixed
point on the Earth by a “satellite” that has the mass of
the Sun in a perfectly circular orbit around the Earth’s
equator. O, represents the daily tide generated at a
fixed point on the Earth by a “satellite” with a mass of
the Moon and a motion above the Earth’s equator. For
each of the tidal constituents, the subscript indicates
if the tide is diurnal (,) or semidiurnal (,).

The relative intensity for each of these tidal constitu-
ents along any oceanic coastline in the world can be
determined by a harmonic decoupling of an extended
hourly tidal record. These measurements typically are
recorded in most major harbors and other tidal stations
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of a core from the Pennsylvanian Lead Creek Limestone, Indiana,
USA. In this core the neap-spring cycles thicken and thin in a
semiannual pattern. (d) Graph showing the thicknesses of
individual lamina from the Brazil Formation, Indiana. These
thicknesses are also organized into semiannual tidal cycles. Each
number records an individual neap-spring cycle (From Kvale
et al. (1998) and used by permission from SEPM)

around the world. More than 100 tidal constituents have
been identified from a harmonic extraction of Earth’s
tides, however, seven of these (Table 1.1) account for
more than 80% of any real-world tide (Defant 1961).
The resonate amplification or destruction of these tidal
constituents determines the resulting tide for a specific
area within the Earth’s oceans (Fig. 1.8).

As noted above, each of these tidal constituents
corresponds to a unique tidal wave. These waves do
not travel around the world as predicted by equilibrium
tidal theory, but rather rotate around a point (referred
to as an “amphidromic point”) within a region of the
ocean at a speed determined by their constituent’s
orbital periodicity or the periodicity of the Earth’s spin
(Fig. 1.7). The location of these points is determined
by basin geometries and the Coriolis force.

Ideally, amphidromic circulation should be counter-
clockwise in the Northern Hemisphere and clockwise
in the Southern Hemisphere and never on the equator
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but, as shown above, real-world tides don’t always
follow convention and exceptions are known (Open
University Course Team 1999).

The major tidal cycles discussed under the equilib-
rium model can be understood in the context of the
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Fig. 1.7 Diagram showing the amphidromic circulation for the
M, tide in the North Sea. Co-tidal lines indicate times of high
water. And co-range lines indicate lines of equal tidal range.
Figure is modified from Dalrymple (1992) which was based on
a map first drawn by J. Proudman and A. T. Doodson (From
information found in Cartwright 1999) (From Kvale (2006) and
used by permission from Marine Geology)

dynamic model and tidal constituents. Specifically, the
synodic neap-spring cycle is generated through the
interaction of the S, and M, constituents. In the modern
world, these two tides come into phase and amplify the
resulting tide every 14.77 days. The result is a syn-
odic spring tide. Conversely, every 13.66 days K, and
O, converge and generate a tropical spring tide.
Whether a spring tide along a specific coastline is
dominated by the synodic spring tide or the tropical
spring tide is determined by the basin geometry. For
instance, the Gulf of Mexico is dominated by the K,
and O, tides, therefore neap-spring tides cycle with the
tropical month (Fig. 1.9). The east coast of the USA,
however, is dominated by S, and M, tides resulting in
neap-spring tides that cycle with the synodic month
(Fig. 1.9). The semimonthly inequality of spring tides
occurs because of the convergence of M, and N, every
27.55 days. A diurnal inequality is driven by the inter-
action of O, and M, (in phase once a day) and is noted
in coastal tides when these constituents are of suffi-
cient amplitude.

One can look at the progressive change in relative
intensity of particular tidal constituent along a coast
and see how that affects the resulting tides. For exam-
ple, Figs. 1.10 and 1.11 shows the amplitudes for the
seven dominant tidal constituents for the Gulf of
Carpentaria, Australia and the tidal patterns that result
from changes in the relative amplitudes of the various
constituents (from Kvale 2006). At the mouth of the
gulf at Booby Island, the tides are dominated by M,,
K, and O,. Given the dominance of O, and K, the
neap-spring cycle occurs every 27.32 days and corre-
sponds to the tropical monthly period. However, unlike
many regions whose neap-spring cycles are tropically
driven, there is a relatively strong M, tide (but relatively
weak S, tide) at the mouth of the gulf. The resultant

Table 1.1 List of the seven most common tidal constituents, their rotational speed (number of degrees a tidal wave generated by
the constituent can travel around its amphidromic point in 1 h), description, and period in solar hours (Defant 1961)

Tidal constituent Speed (degrees/hour) Origin Period in solar hours
M, 28.9841 Principal lunar 12.42
S, 30 Principal solar 12
N, 28.4397 Larger elliptical lunar 12.66
K, 30.0821 Combined declinational lunar 11.97
and declinational solar
K, 15.0411 Combined declinational lunar 23.93
and declinational solar
0, 13.943 Principal lunar 25.82
P, 14.9589 Principal solar 24.07
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Fig. 1.8 Resulting tide predicted from the stacking of 9 different
tidal constituents. Horizontal units are in hours (Modified from
MacMillan, 1966 in Kvale, (2006) and used by permission from
Marine Geology)

tide at Booby Island exhibits a tropically driven
neap-spring cyclicity comparable to the tide depicted
in Fig. 1.4 except that it also exhibits a strong semidi-
urnal component that is driven by M,. Progressing fur-
ther south into the Gulf of Carpentaria, the strengths of
K, and O, increase relative to M, creating a tide that is
dominantly diurnal.

1.4  Ancient Tides

Some tidal rhythmites in the rock record preserve long
(several months worth), relatively complete succes-
sions of daily or semidaily tidal deposition. Particularly

E.P. Kvale

complete records can be interpreted in the context of
the dynamic tidal model and several examples are
noted below.

Hindostan Whetstone Beds
(Pennsylvanian, Indiana)

1.4.1

Figures 1.2 and 1.3 show both a segment of core and a
bar chart of the laminae thicknesses from the Hindostan
Whetstone beds found in Orange County, Indiana
(Kvale et al. 1989). Neap-spring cycles in this chart
occur more frequently than crossovers indicating that
these tides were synodically driven and hence related
to the dominance of the M, and S, over the O, and K|
constituents. Some caution is needed, however, in
interpreting crossover patterns because the absence of
a single half-day event could cause an apparent cross-
over. Ways to infer completeness of a tidal pattern are
discussed by Kvale et al. (1999). Suffice it to state that
with suitably long tidal rhythmite records, such as
presented here, it is possible to interpret crossover
patterns with some confidence.

This example clearly shows a diurnal inequality,
and, as such, O, must be significant. There appears to
be a lack of a pronounced semimonthly inequality
(anomalistic cycle) suggesting that N, was relatively
weak. Therefore, tides that deposited the Hindostan
Whetstone beds were dominated by the constituents
M,, S, and O, followed by K, and N,

1.4.2 Brazil Formation (Pennsylvanian,
Indiana)

Figure 1.4 show a segment of core and a bar chart of
laminae thicknesses from the Brazil Formation of
Daviess County, Indiana (Kvale and Archer 1990;
Kvale and Mastalerz 1998). The neap-spring cycles in
this example occur at the same frequency as the cross-
overs indicating that these tides were driven by the
tropical period and hence reflect a dominance of O,
and K, over S, and M,. A weak semidiurnal signal
occurs during the neap tides and indicates that M, had
some amplitude and importance in the resulting tide.
The Brazil Formation rhythmites, like the whetstone
beds discussed above, lack a prominent semimonthly
inequality suggesting a weak N, tidal constituent. It
can be inferred from this data base that the Brazil



1 Tidal Constituents of Modern and Ancient Tidal Rhythmites: Criteria for Recognition and Analyses n

SYNODIC
Hunniwell Point, Maine
105 F E N E F E NE FE NE EF EN
10.0 |
9.5
9.0
8.5
8.0
7.5
7.0
6.5
6.0
g 50 100 150 200
£ TROPICAL
% Port Manatee, Florida
= F E NE FE NE FE NE EF EN
E 25

EXPLANATION
F - Full Moon
N - New Moon \
E - Moon over Equator

' Hunniwell
. Point

) !
:.:] ".-—ul | \___L‘__“
[ \
0 600 Km Port*
Manatee

Fig. 1.9 Graphs showing predicted high-data for two tidal
references stations from the east coast and Gulf coast USA. The
Port Manatee example is typical of the tides in the Gulf coast
and the Hunniwell graph typifies east coast tides. Both tidal
records cover the same interval of time from January through
early May, 2005 (National Oceanographic and Atmospheric
Administration Web site 2004). Note that the equatorial pas-

sages of the Moon are fixed with the neap tides in the Gulf
coast station but move through the graph in the east coast exam-
ple. As such, Gulf coast neap-spring tides are driven by the
tropical month but the east coast neap-spring tides are controlled
by the phase changes of the Moon associated with the synodic
month (From Kvale (2006) and used by permission from Marine
Geology)
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Fig. 1.10 Graphs and
location map for predicted
high-tide data from three tidal
reference station in the Gulf
of Carpentaria, Australia.

The time interval for each
graph spans January through
early June, 2004 (Australian
National Tidal Centre, Bureau
of Meteorology Web site,
2004) (From Kvale (2006)
and used by permission from
Marine Geology)
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Change in harmonic constituents, east side of
Gulf of Carpentaria, Australia
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Fig. 1.11 Line graph showing the changes in tidal amplitude
for the seven most dominant tidal constituents for several tidal
reference stations located along the eastern side of the Gulf of
Carpentaria (locations noted in Fig. 1.10. Constituent data was

Formation tides were dominated by O, K, followed
by M, with very weak contributions from S, and N,,.

1.4.3 Abbott Sandstone (Tradewater
Formation, Pennsylvanian, lllinois)

Figure 1.12 shows an outcrop and bundle thicknesses from
some flaggy, large-scale tidal bundles along Interstate 57
in Johnson County, lllinois (Kvale and Archer 1991). A
histogram of bundle thicknesses indicates a strong semidi-
urnal signal throughout the record. While not as clean a
tidal record as the two previous examples, the Abbott
sandstone example appears to exhibit minimal diurnal
inequality during the neap tides. When the diurnal inequal-
ity tracks neap tides, it indicates that neap-spring cyclicity
is driven by the tropical period (e.g. Fig. 1.4). As such, the
Abbott Sandstone tidal record resembles that of Booby
Island, Australia (Fig. 1.10), in whichM,, O, and K, dom-
inate the resultant tide over S,. There is a suggestion of a
semimonthly inequality to the Abbott sandstone record
indicating that N, was stronger than S, and sufficiently
strong to influence the tidal record.

extracted using the Seafarer Tides software package by the
Australian National Tidal Centre, Bureau of Meteorology and
provided to Kvale (2006) (From Kvale (2006) and used by per-
mission from Marine Geology)

These examples illustrate that tidal constituents
can be extracted from the rock record in well-preserved
tidal rhythmites. While it is not always possible to
draw conclusions regarding so many tidal constitu-
ents, deposits can generally be determined to be either
diurnal or semidiurnal in nature based on the absence
or occurrence of alternating thick-thin laminae. Most,
but not all, semidiurnal tidal deposits can be related
to the synodic period and the convergence of M, and
S, constituents. Exceptions of semidiurnal, tropically
driven neap-spring tides or tidal deposits, such as
Booby Island and the Abbott Sandstone, are known
and can be discerned if the tidal record is long and
clean enough. All diurnal deposits should have been
deposited in tropically driven neap-spring cycles.
Semidiurnal depositional systems that lack strong K|
or O, constituents (like Effingham, England), and in
which tidal sediments were deposited only on high
intertidal zones might mimic a diurnal tidal deposit
(Archer and Johnson 1997). In such a case, additional
outcrop work might result in the discovery of lower
intertidal or subtidal facies that would resolve the
issue.



