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13Shallow-Marine Tidal Deposits

Jean-Yves Reynaud and Robert W. Dalrymple 

13.1  Introduction

Shallow-marine areas, which includes continental 
shelves and shallow-water seas, are considered here to 
extend from near the coast to the shelf break, spanning 

water depths from as shallow as 10–20 m to as much as 
150–200 m, and up to 400 m along some formerly gla-
ciated margins. The tides, which generally are created 
in the open ocean, pass over the shelf on their way to 
the coast, interacting with the seafloor as they go 
(Wright et al. 1999; Allen 1997). Geomorphologically, 
continental shelves and shallow-water seas are diverse. 
Most continental shelves with significant tidal currents 
occur on wide passive continental margins, because 
tidal action typically increases as shelf width becomes 
greater. Such shelves are commonly straight, with the 
shoreline essentially parallel to the shelf break for sev-
eral hundred kilometers. Structural complexities in 
continental margins create large-scale embayments, 
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Abstract

Shallow-marine tidal deposits form on open shelves, and more specifically in 
open-mouthed embayments and semi-enclosed epicontinental seas, where the 
oceanic tide is amplified by resonance. They are also present in straits and seaways 
where the tidal currents are accelerated by flow constriction. Complex interactions 
of the tide with the seafloor and coastal topography bring about tidal asymmetry, 
generating tidal-transport pathways with net, unidirectional transport of sediment 
over long distances. Tidal currents are commonly capable of resuspending mud in 
shallow-marine settings, but little is known about the role of tidal currents in the 
deposition of muddy deposits in the offshore domain. The best-known shelf tidal 
deposits are sandy and bioclastic transgressive ‘lags’ that mantle flooding sur-
faces. These lags are generally thin, but can reach thicknesses of 10–30 m in tidal-
current ridges and sand sheets. These deposits are composed of dominantly 
well-sorted, cross-bedded sands with good reservoir properties. Careful architec-
tural analysis allows the distinction between the deposits of compound dunes, 
tidal-current ridges and migrating sand sheets. The occurrence of shallow-marine 
tidal deposits is sensitive to changes in sea level; paleotidal modeling has great 
potential to help understanding their occurrence in space and time.
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which are here defined as open-mouthed indentations 
of the coastline such as the North Sea and Yellow Sea. 
In such epicontinental embayments, the distance from 
the shoreline to the shelf margin can increase signifi-
cantly and the flow is partially confined. Broad shal-
low-marine basins can also occur within continental 
interiors, far removed from a continental margin, with 
only a narrow and/or circuitous connection with the 
open ocean (e.g. Hudson Bay, Canada; the Baltic Sea). 
Such water bodies are termed semi-enclosed epiconti-
nental seas here. Straits or seaways joining two larger 
bodies of water commonly exhibit particularly strong 
tidal water motions (e.g. the Strait of Dover in the 
English Channel). In all of these offshore settings, cur-
rents generated by the tides interact with an array of 
other processes, including waves, storm/wind-gener-
ated currents and geostrophic currents that are part of 
the global-ocean circulation, giving the potential for the 
creation of a complex variety of sedimentary deposits.

Because of the large geographic extent and substan-
tial water depth of modern shallow-marine areas, our 
knowledge of the processes operating there, and of the 
sedimentary facies generated by these processes, has 
mostly been obtained by indirect observations. Our 
understanding of tidal dynamics on shelves has 
increased markedly over the last few decades, both as 
a result of improved instrumentation and the applica-
tion of numerical-modeling approaches. Significant 
advances have also occurred in our ability to obtain 
detailed images of the sea floor (e.g. through the use of 
swath bathymetry), but high-quality 3D seismic imag-
ing of subsurface deposits on modern shelves remains 
beyond the capability of most academic institutions. In 
addition, coring techniques have not evolved much 
over the last several decades; consequently, informa-
tion on the nature of modern deposits is scanty, 
although the available database is increasing. As a 
result, facies models for the deposits of tidal shelves 
remain poorly developed, as reflected by most text-
books (Stride 1982; de Boer et al. 1988; Suter 2006).

This chapter begins by examining qualitatively 
some aspects of the dynamics of tides as they progress 
from the open ocean toward the coast. Then the range 
of deposits that can occur in tidal settings is consid-
ered, namely their composition, surficial morphology 
(i.e., the bedforms that are present) and internal struc-
ture. We focus on the origin and dynamic behavior of 
compound dunes (also called sand waves) and tidal-
current ridges (also called banks and bars) because 
they are the largest and most distinctive of the tidally 

generated bedforms in shallow-marine settings. 
Reconstructing the Holocene evolution of the offshore 
ridges in various tidal basins helps to define a model 
for the transgressive evolution of these large sand bod-
ies, which might have application to the rock record. 
Finally the potential response of shallow-marine tidal 
systems to physiographic changes caused by variations 
in relative sea level is examined briefly, taking exam-
ples from both the modern and the rock record. This is 
coupled with the insights gained from paleotidal mod-
eling, in order to extend our understanding of where 
tidal deposits are likely to occur in time and space.

13.2  Tidal Processes In shallow Seas

The ability of a basin to develop a large tide depends on 
the possibility of an amphidromic system to be gener-
ated within the basin by the astronomic tide, and on 
water motions to be amplified by co-oscillation within 
the basin as the basin borders reflect the tidal wave (co-
oscillating tide). The minimum size of a sea (a basin) 
where the tide is able to generate an amphidromic sys-
tem is determined by the Rossby radius of deformation 
of the tidal wave (Pugh 1987), which is the minimum 
distance required for the Coriolis effect to cause a 
motion to rotate through 360° (Fig. 13.1a). The Rossby 
radius decreases as the Coriolis effect increases with 
increasing latitude. This implies that, for the same basin 
depth, amphidromic cells are smaller at higher latitude. 
Wave theory predicts an increase in the celerity of the 
tidal wave, and hence a larger Rossby radius, as water 
depth increases: because the perimeter of an amphidro-
mic cell has to be traversed by the tidal wave within one 
tidal cycle, the larger the amphidromic cell, the higher 
the celerity the wave must have at its periphery. This is 
one reason why no shallow, semi-enclosed epeiric sea 
has significant tides, even though its dimensions are 
large enough to contain an amphidromic cell. This is, 
for example, the case in Hudson Bay or the Baltic Sea. 
Of course, semi-enclosed seas can have large tides even 
if they are not able to develop tides by themselves, as 
they can amplify an oceanic tide that enters them 
through a wide oceanic connection. This is the case in 
the North Sea and English Channel (Fig. 13.2).

Water motion associated with a rotating Kelvin 
wave involves two components: the main flow that is 
perpendicular to the crests and troughs of the wave 
(i.e., perpendicular to the cotidal lines that show the 
location of the wave crest as a function of time; 
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Fig. 13.1 (a) Rossby radius (i.e. the dimension of an amphidro-
mic system) as a function of water depth. The Rossby radius is 
calculated as R = [(g*d)1/2]/f where g is the gravitational accel-
eration (9.81 m/s2), d is the water depth and f is the Coriolis 
parameter (taken at 45° latitude: 10.3*10–5/s). Amphidromic 
systems in shallow water have a smaller diameter than those in 
the deep ocean. (b) Amplitude (half the tidal range) and related 
current velocity at the water surface for a 0.5 m-high, incident 

tidal wave as it shoals across a continental rise and shelf (see 
Allen 1997 for details). The relationship between Ad, the ampli-
tude of the tide in deep water, As, its amplitude in shallow water, 
and d, the rate of the decrease in water depth, is expressed by 
As = Ad( d)1/4. The speed of the surface current, U, is given by 
U = A(gd)1/2/d. In nature, the tidal amplitude and related current 
velocity do not increase as much as is shown because of the 
influence of bottom friction (see Fig. 13.3)

Fig. 13.2 Map showing the 
amphidromic systems in the 
seas surrounding the British 
Isles (After Sinha and Pingree 
1997; bathymetry from 
GEBCO digital atlas, courtesy 
of Martin Wells). Only the 
M2 (principal lunar semi-
diurnal tide) is considered. 
Cotidal lines are 
perpendicular to the coast, 
which means that the tidal 
wave travels parallel to the 
coast, creating tidal currents 
that are also coast-parallel. 
Further offshore (e.g. near the 
Atlantic continental margin), 
co-tidal (or phase) lines are 
nearly parallel to the shelf 
edge, bringing about currents 
perpendicular to the isobaths. 
The tidal range increases 
outward from each 
amphidromic point, with the 
highest tidal ranges within 
embayments such as the 
German Bight and The Wash, 
England
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Fig. 13.2), and a secondary flow that is parallel to the 
crests and troughs that results from the rotation of the 
tidal wave. As a consequence, the tidal-current direction 
at each point in an amphidromic system rotates over a 
tidal cycle, creating a tidal ellipse that traces out the 
path taken by the tip of successive current vectors. The 
fastest tidal currents in each tidal cycle (i.e. the major 
axis of the tidal ellipse) are nearly perpendicular to the 
co-tidal lines. The propagation direction of the tidal 
wave and the associated currents are essentially paral-
lel the coast. In river mouths, by comparison, the tidal 
wave propagates up the river as a standing wave, so 
that the currents are approximately perpendicular to 
the nearby coast. On continental shelves, the peak 
flood and ebb currents are commonly not parallel, 
because the cotidal lines are not symmetrically distrib-
uted within each amphidromic cell, due to the unequal 
speed of migration of the incoming and outgoing tidal 
waves (Fig. 13.2).

Where the tide is channelized in a seaway that is 
much narrower than the radius of the amphidromic 
cell, the cotidal lines become nearly parallel with each 
other and are approximately perpendicular to the 
 seaway axis. As a result, the amount of rotation of the 
currents decreases and they can even become rectilin-
ear. This is the case for the English Channel: the tidal 
ellipses are greatly elongated and the peak currents are 
more or less parallel to the direction of travel of the 
tidal wave and essentially reverse by 180°.

13.2.1  Modification of the Oceanic  
Tide on the Shelf

The amplitude of the tide in deep oceanic waters is 
commonly less than 1 m. It increases and, conse-
quently, tidal-current speeds increase, as water depth 
decreases at the continental margin. This is easily 
calculated with basic formulae of wave theory 
(Fig. 13.1b). However, as the tide progresses into shal-
lower water further onto the shelf, frictional dissipation 
of tidal energy at the sea bed becomes important. 
Consequently, an area of maximum tidal-current speed 
is developed near the shelf edge (Fig. 13.3), largely 
because the tidal prism (i.e., the volume of water passing 
any point during each half tidal cycle) is greatest near 
there. The enhancement of tidal currents in this area 
may also be due to the presence of internal tides that 
occur along density interfaces in the ocean and break as 
they impinge on the continental slope (Legg and 
Adcroft 2003; see Chap. 14). Internal tides are generally 
important in a zone only a few tens of kilometers wide 
on the outer shelf and decrease in importance toward 
the coast. The best studied example is on the outer 
shelf of the Western Channel Approaches, seaward of 
the English Channel, where an internal tide is recorded 
during summer spring tides as brief and pulsed current 
surges that account for up to 40% of the total current 
measured near the sea floor. The currents generated by 
the combined action of the surface and internal tides 

Fig. 13.3 Hypothetical distribution of depth-averaged current 
speed along a transect perpendicular to a shelf margin. As the 
tidal wave passes onto the shelf, reduction of the cross-sectional 
area creates an increase in the current speed. On the shelf, 

friction in shallow water reduces the tidal-current speed. The 
result is a zone of maximum current speed near the shelf edge 
(After Fleming and Revelle 1939)
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have created a large, isolated dune field near the shelf 
edge (Heathershaw et al. 1987).

On the shelf itself, the nature of the tide and tidal 
currents is strongly controlled by the complex 3D 
interaction of the tidal wave with the geometry of the 
shelf and shoreline. On long, straight shelves, the tide 
is dissipated by friction as it crosses the shelf, such 
that tidal currents decrease in a landward direction 
(Fig. 13.3). As the shelf width increases, however, it 
becomes closer to resonance with the semi-diurnal M2 
tide: resonance happens when the tidal wave reflected 
by the coast is in phase with the incoming wave, which 
occurs where the shelf width is equal to one-quarter, or 
3/4, or 5/4, etc., of the wavelength of the tidal wave, 
which is a function of the water depth (e.g. Pugh 1987). 
Due to tidal resonance, the maximum tidal range 
occurs when the shelf is of the order of 200–400 km 
wide for typical shelf depths. The influence of chang-
ing tidal range on tidal-current speed is direct, but the 
impact is not uniform over the entire width of the shelf; 
the greatest change in the strength of the currents 
occurs near the shelf margin because this is where the 
change in the tidal prism is greatest.

The situation in embayments and semi-enclosed 
seas is more complex, with the response of the tidal 
wave being dependant on the specific configuration 
of the sea and of its connection with the open ocean. 
Most open-mouthed embayments accentuate the tide 
because the cross-sectional area through which the 
tidal wave passes becomes smaller in a landward direc-
tion. Consequently, the tidal range and current speeds 
are generally higher in embayments than on straight 
shelves. Examples are given by the English Channel, 
the North Sea, and the Yellow Sea, and by the Gulf of 
Bengal, which is a tectonic embayment fully exposed 
to the ocean. The tidal ellipse is also more elongated 
and the currents tend toward being rectilinear because 
of the confinement by the margins of the embayment. 
Other types of tectonic embayments where the tide is 
commonly amplified include rifts and foreland basins; 
in fact, a significant number of the areas with tidal 
ranges greater than 10 m today are in such settings 
(Archer and Hubbard 2003). The prediction of reso-
nance in embayments can only be done using numeri-
cal modeling, with a full knowledge of the 3D geometry 
of the shelf and shoreline morphology, as illustrated by 
studies of the funnel-shaped Gulf of Maine – Bay of 
Fundy system (Greenberg 1979) and the Western 
Channel Approaches that might have gone into and out 

of resonance during the early stages of the last post-
glacial transgression (Uehara et al. 2006). By compari-
son, semi-enclosed seas such as Hudson Bay and the 
Baltic Sea are more likely to have small tides because 
the oceanic tidal wave cannot propagate into them 
effectively, and they are not large enough to have their 
own tide. Again, the specific response can only be 
determined by numerical modeling.

Local coastal irregularities such as headlands also 
perturb the tide. Horizontal flow expansion and con-
striction on either side of a headland brings about a 
complex 3D tidal asymmetry, which results in a resid-
ual flow that takes the form of time-averaged eddies on 
either side of the protuberance (e.g. Pingree and 
Maddock 1979).

Seaways and straits that connect two larger bodies 
of water are especially prone to pronounced accentua-
tion of the tidal currents because of the constriction. 
Even a small difference in water elevation at the two 
ends of a strait can generate strong currents (Pratt 
1990). This is the case of the Messina Strait in the 
modern Mediterranean Sea, despite the fact that the 
tidal range is less than 10 cm (Androsov et al. 2002), 
with dunes forming in water depths of more than 
several hundred meters (Colella 1990).

13.2.2  Residual Tidal Currents

Because each tidal constituent is oscillatory and 
 symmetrical, the net flood and ebb currents should be 
equal and opposite. However, the examination of mea-
sured tidal ellipses show that they are not symmetri-
cal: the peak ebb and flood currents are neither equal 
in speed, nor are they colinear. This is due to the dis-
tortion of the tide and/or to the interplay of more than 
one tidal constituent. The most important of these is 
the interaction of the M2 (semidiurnal) tide with its 
first (M4) harmonic (Pingree and Griffiths 1979; see 
more below).

Distortion of the tidal wave occurs due to topographic 
effects. As the tide moves into shallow water, it slows 
down because of friction, but with the trough decelerat-
ing more than the crest because the water depth is less 
beneath the trough. The consequence is the develop-
ment of tidal asymmetry, with the front of the tidal wave 
(i.e., the flood tide) being steeper and of shorter duration 
than its back (i.e., the ebb tide). This, in turn, brings 
about an inequality of peak flood and ebb current speeds, 
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creating a tendency for the flood-tidal currents to be 
faster than the ebb. A similar distortion occurs if the 
tidal wave enters an embayment, because the progres-
sive, offshore tidal wave cannot continue to propagate 
freely. Interference of M2 and M4 harmonics of the tide 
brings about either tidal-phase asymmetry if the M2 and 
M4 are 90° out of phase or tidal-current inequality if the 
M2 and M4 are in phase. The tidal motions will be 
asymmetric in either case: in the first case, the flow in 
one direction will last longer than in the other, and, in 
the second, the flow in one direction will be faster 
although of shorter duration.

Since bedload transport is approximately propor-
tional to the cube of the current speed, any asymmetry 
in ebb and flood currents will generate inequalities in 
the sediment transport in the two directions. The result 
is the creation of a residual sediment transport in one 
direction (either the ebb or flood). Such inequalities 
extend over large areas and are referred to as tidal-
transport pathways, which are discussed at length later 
in this chapter.

13.3  Sediment Types on Tidal Shelves

Tidal currents are fast enough on many shelves to 
transport sand and finer-grained sediment. Much of the 
existing literature concentrates on sandy deposits, but 
muddy tidal-shelf deposits are important in areas sup-
plied with large quantities of mud by rivers (e.g. the 
Amazon and Guyana shelf, the Gulf of Bengal and the 
Andaman Sea, and the inner portion of the East China 
Sea). On these shelves, tidal currents contribute sig-
nificantly to the resuspension of mud (e.g. Viana et al. 
1998; Yang and Liu 2007). For example, one of the 
largest turbid plumes in the world occurs in the 
Andaman Sea as a result of tidal-current activity 
(Ramaswamy et al. 2004) with the resulting export of 
mud to deep water (Rao et al. 2005). On the Amazon 
shelf, the tidally resuspended mud is advected to the 
north by wind-driven currents and forms a near-coast 
nepheloid layer that reduces the bottom friction; con-
sequently, the tide that reaches the coast is larger than 
would be the case otherwise (Gabioux et al. 2005; 
Bourret et al. 2008). In the Yellow Sea, tidal resuspen-
sion of mud from offshore deposits is responsible for 
the creation of sandy lags.

Most modern shelves that experience significant 
tidal-current action are beyond the influence of sediment 

supplied by rivers. Consequently, older deposits have 
been reworked by waves and tidal currents that have 
winnowed away the fine-grained material, leaving 
behind tidal deposits that are composed predominantly 
of medium to coarse sand. Such is the case around the 
British Isles. For the reasons discussed at length by 
Dalrymple (2010a), the sand becomes finer in the 
direction of sediment transport, such that coarser sedi-
ment, including gravel, can be present at the up-current 
end of tidal-transport paths, where the currents are 
fastest, passing down the transport path to fine and 
very fine sand and even muddy deposits. Tidal currents 
are an effective sorting agent, and the sorting index is 
generally high, and increases along the pathway (Gao 
et al. 1994).

On shelves that are not supplied by large mud-rich 
rivers, carbonate grains can be an important constitu-
ent of the deposits because tidal currents favor the 
 supply and mixing of nutrients coming from the open 
sea, thereby promoting carbonate production. In cases 
where there is little or no siliciclastic material, the 
tidal-shelf deposits can be composed entirely of car-
bonate grains. In tropical settings, such tidal deposits 
are commonly composed of ooids, which are believed 
to be a type of grain formed almost exclusively in tidal 
settings (e.g. the Bahama Banks; see Chap. 20). In 
cool- to cold-water settings, herterozoan benthic com-
munities generate abundant bioclastic debris that is 
particularly prone to reworking by tidal processes 
(cf. Anastas et al. 1997; James 1997). Tidal-transport 
pathways exist in carbonate environments (e.g. Harris 
1988), but, in such settings, sediment grain size is more 
strongly controlled by the biota present than by the 
speed of the tidal currents.

Along a tidal-transport pathway, the nature of the 
substrate and the strength of the currents control the 
nature of the benthic biota. Areas scoured by strong 
currents, where the sea floor consists of exposed bed-
rock, are dominated by epibenthic, encrusting faunas, 
whereas depositional tracts with mobile sand are domi-
nated by endobenthic faunas (Wilson 1982); in general, 
however, the more mobile the substrate, the less diverse 
the fauna will be. In the modern, relatively little study 
has been devoted toward linking the fauna with position 
along a transport pathway, although spatial variations 
in the composition of small bryozoan particles (Bouysse 
et al. 1979) or molluscan species (Reynaud et al. 1999c) 
have been noted. Physical and biogenic destruction of 
particles occurs during transport. On modern shelves, 
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the intensity of reworking and mixing of grains increases 
with water depth, as the result of increasing time and 
decreasing sediment supply through the post-glacial 
transgression (Wilson 1988). In the Miocene cool-water 
carbonates of SE France, recurring associations between 
the fauna and tidal bedforms have been noted (Descote 
2010). The largest and coarsest grained dunes contain 
the highest content of red algae, whereas the small and 
finer-grained dunes show a larger amount of benthic 
forams and molluscans. This partitioning is also 
reflected in the sequence-stratigraphic organization of 
the deposit. The coarse bioclastic TST deposits are 
dominated by a bryozoa/echinoderm (Bryonoderm) 
fauna, which is succeeded by a red algae (Rhodalgal) 
association, whereas the more muddy HSTs are domi-
nated by a mollusc/benthic foraminifera (Molechfor) 
association.

13.4  Tidal Dunes

The sandy sediments that are present over large parts 
of tidal shelves are very commonly molded into a 
complex array of large bedforms, ranging from flow-
transverse dunes of various sizes to nearly flow- 
parallel tidal-current ridges. Dunes are the most 
ubiquitous bedforms on continental shelves, occur-
ring both on sand ridges and flat sand sheets, and are 
responsible for much of the sedimentary record of 
offshore tidal environments. Therefore, they are dis-
cussed at length here.

13.4.1  Morphological Response to Flow

Dunes is the generally accepted term that replaces the 
older terms megaripple and sandwave (Ashley 1990). 
Flume experiments and observations in nature have 
defined the stability field of dunes as a function of 
grain size, current speed and water depth (e.g. Rubin 
and McCulloch 1980; Allen 1982; Southard and 
Boguchwal 1990). Dunes can be formed in grain sizes 
between approximately 0.15 mm (i.e. within the range 

of fine sand) and gravel size (Carling 1999), and by 
current speeds above about 0.5 m/s. Water depth is 
not a significant limiting factor on the occurrence 
of dunes, provided the current speed is sufficient, 
although an increase in water depth commonly leads 
to a decrease in current speed and, hence, the disap-
pearance of dunes.

The size and shape of dunes vary widely. Following 
Ashley (1990) and Dalrymple and Rhodes (1995) we 
suggest the size distinctions given in Table 13.1. The 
maximum height of a shelf tidal dune is not well 
defined, but tidal dunes up to 15 m high are reported on 
modern shelves (e.g. Berné et al. 1989). The larger the 
dunes, the lesser their relative relief: in general, the 
dune wavelength-to-height ratio (= the ripple index; 
RI) is less than 10 for small dunes but commonly 
exceeds 30 for large dunes, and may reach 100 for very 
large ones.

The size and shape of dunes are controlled by water 
depth, current speed and grain size. Studying dunes in 
flumes and rivers, Van Rijn (1982, also Southard and 
Boguchwal 1990) showed that, in the lower part of the 
dune stability field, increasing current speed brings 
about an increase of the equilibrium height of dunes. 
As well, for a given depth and current speed, the dune 
height increases slightly with grain size (Flemming 
1980; Van Rijn 1982). Water depth, which is a proxy 
for boundary-layer thickness, is generally regarded as 
being the most important control on dune size, with 
dune height (H) and wavelength (L) increasing as 
water depth (h) increases (Ashley 1990). Following 
Yalin (1964) and based on many examples in nature 
summarized by Allen (1982), the widely accepted 
relationships are:

  (13.1)

  (13.2)

These relationships are only applicable in cases 
where the dunes are fully developed in equilibrium 
with the flow, and where the sea floor is completely 
covered by mobile sediment, a condition called 
fullbedded (Ashley 1990). These relationships do 

L 6h

H 0.167h

Table 13.1 Size classes for 
dunes (From Dalrymple and 
Rhodes 1995)

Small Medium Large Very large

Wavelength (L) 0.6–5 m 5–10 m 10–100 m >100 m
Height (Ha) 0.05–0.25 m 0.25–0.5 m 0.5–3 m >3 m
a Calculated from the Flemming (1988) relationship: H = 0.0677 L0.8098
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not apply in deep water where the thickness of the 
boundary layer, the real control on dune size, is less 
than the water depth, or to the smaller dunes that are 
superimposed on the larger dunes in an area to form 
compound dunes (Ashley 1990). The size of these 
smaller dunes is generally thought to be related to 
the presence of an internal boundary layer that is 
formed on the back of each larger dune (Rubin and 
McCulloch 1980; Dalrymple 1984).

Because of the widespread occurrence of unidirec-
tional residual sediment transport in tidal-transport 
pathways, the dunes on tidal shelves are typically 
strongly asymmetric, with their steeper, lee face 
inclined in the direction of net sediment movement. In 
tidal settings, weakly asymmetric dunes, although not 
common, can be found in areas of weak tidal asym-
metry. The speed of dune migration in the direction of 
residual transport increases as their asymmetry 
increases, but decreases as their size increases, all else 
being equal. The average annual distance of migration 
of small dunes is about 100–300 m, while it is only 
25–75 m for large ones and only a few decimeters for 
very large dunes (e.g. Fenster et al. 1990). The lag time 
of the dunes (i.e. the time needed for them to equili-
brate with a changed flow condition) also increases as 
they become larger; thus, large and very large dunes on 
the seafloor have the potential to be out of equilibrium 
with the present-day flow. Also, as the dunes become 
larger and less active, they have the potential to become 
more bioturbated.

Although dunes are most commonly oriented with 
their crest nearly perpendicular to the flow, tidal 
dunes can be oblique to the peak tidal flow and to the 
residual transport of sand. Theoretically, this occurs 
where dominant and subordinate tidal currents are 
not colinear, with the degree of obliquity depending 
on the ratio of sediment transport by the dominant 
and subordinate currents (Rubin and Hunter 1987; 
Rubin and Ikeda 1990). In shelf settings, however, 
the dominant and subordinate currents are typically 
nearly 180° apart, but, despite this, the dunes can be 
oblique, with the amount of obliquity typically 
increasing as the dunes become larger. The most 
widely held suggestion as to why this occurs is that 
large dunes reflect the impact of infrequent events 
such as intense storms and wind-driven currents that 
have higher sediment-transport capacity than the 
more frequent, but weaker, tidal currents. Also, the 
obliqueness of large dunes could reflect flow-transverse 

variations in their migration rate, as a result of 
inequalities in sediment discharge and bedform height 
(Dalrymple and Rhodes 1995). Although the smaller 
dunes may have more variable orientations over large 
areas, they statistically provide a more reliable indi-
cation of the local peak tidal-current direction than 
the large dunes.

13.4.2  Internal Structure of Offshore  
Tidal Dunes

The available knowledge on the internal structure of 
tidal dunes comes mainly from studies in modern estu-
arine settings (Dalrymple 1984), with additional obser-
vations from ancient shallow-water successions (Allen 
and Homewood 1984). Very few observations of the 
internal structure of shelf dunes exist, and most of 
those come from seismic records (e.g. Berné et al. 
1988, 1989), which do not have sufficient resolution to 
show the detail seen in outcrops.

The internal structure of simple dunes (i.e. dunes 
that lack superimposed dunes; Ashley 1990), regard-
less of size, consists of foreset laminae emplaced by 
pulses of grain flow on the lee face, which is inclined 
at an angle close to the angle of repose (ca. 32–35°), 
and toeset and bottomset laminae that accumulate by 
the settling of grains from suspension. This produces 
crossbeds that can extend over hundreds of meters lat-
erally (Fig. 13.4) if formed by a large to very large 
dune; smaller dunes produce crossbeds of lesser lateral 
extent. As it is steep, the lee face of a simple dune pro-
motes flow separation and, therefore, possible up-dip 
migration of ripples on the toesets (Fig. 13.5a). The 
tidal-bundle successions produced by neap-spring tidal 
cycles can be present in offshore dunes (e.g. Longhitano 
and Nemec 2005), but are not likely to be developed 
extensively because dunes on shelves are typically too 
large, and move too slowly, to record variations in flow 
speed and direction over individual tidal cycles. Thus, 
grain-size segregation in the foreset lamination, which 
is sometimes referred to as grain striping, is generally 
not related to changes in the speed of the tidal currents, 
but rather to the effect of pre-sorting of sediment by 
small superimposed bedforms (Reesink and Bridge 
2007, 2009). Similarly, convex-up erosion (reactiva-
tion) surfaces within the upper part of these crossbeds 
(Fig. 13.5a), which are classically attributed to erosion 
by the subordinate tide (Allen 1980), are more likely to 



34313 Shallow-Marine Tidal Deposits

be generated by erosion in the troughs of superimposed 
dunes as they migrate over the brink of the larger bed-
form (Dalrymple 1984, 2010b; Reesink and Bridge 
2009), or to episodic wave action. It is important to 

note that mud drapes, which are an important signature 
of tidal sedimentation in estuarine and deltaic settings 
(Visser 1980; Nio and Yang 1991; Dalrymple 2010b), 
are rare in offshore tidal deposits because of the  presence 

Fig. 13.4 Succession of vertically stacked carbonate crossbeds 
formed by simple, large to very large dunes migrating under the 
influence of unidirectional or highly asymmetric tidal currents, 
Bonifacio Formation, Corsica (see Brandano et al. 2009; André 
et al. 2011). The exposure shown is about 25 m high. The vertical 

stacking of such thick crossbeds in successions up to hundreds of 
meters thick (250 m in the Bonifacio Formation) is a characteris-
tic feature of the infill of tidal seaways or straits where accom-
modation is high. The prominent crossbed boundaries correspond 
to intervals deeply bioturbated by Thalassinoides

Fig. 13.5 (Left) Internal structures formed by compound dunes. 
Slopes of foresets range from 35° (laminae) to 4° (master beds 
in c). The internal complexity depends on the relative size of the 
‘master’ and superimposed dunes, which controls the amount of 
erosion on the lee of the large dune and therefore its overall 
steepness (After Dalrymple 2010b), modified in part from Allen 

1980). (Right) Outcrop sketches of compound-dune deposits in 
the Precambrian Lower Sandfjord Formation, Norway (After 
Levell 1980). Re reactivation surfaces, si silt drapes, re-fl reverse-
flow ripples, ha hanging set boundaries, co convex-up boundar-
ies, pe: pebble horizons
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of rotary tides with no distinct slack-water period, and 
because suspended-sediment concentrations are gener-
ally very low.

Large and very large dunes are typically covered by 
smaller dunes and have a compound morphology. Such 
dunes generate compound crossbedding, composed of 
stacked, inclined, planar to trough crossbeds formed 
by the superimposed smaller dunes (Fig. 13.5b, c). The 
lee side of compound dunes typically has a much lower 
slope (commonly <10°) than that of simple dunes. 
Flow separation does not occur, and the smaller, super-
imposed dunes migrate continuously down the larger 
dune’s lee side, from the crest to the trough. Flow 
expansion and flow deceleration bring about deposi-
tion on the lee side of the larger dune, so that each 
superimposed smaller dune leaves behind a crossbed 
that gets preserved. The continuous accretion of such 
crossbeds forms the master bedding of the compound 
dune. The superimposed dunes may themselves be 
compound, so that ‘compound-compound’ dunes can 
occur (Anastas et al. 1997). It is noteworthy that the 
smaller dunes migrate in essentially the same direction 
as the larger dune, forming an architecture termed 
foreward accretion. Upslope-climbing ripples or 
smaller dunes formed by the subordinate current are 
likely to be preserved, forming herringbone cross-
stratification. Tidal-current reversals are generally not 
capable of generating master-bedding surfaces in large 
to very large dunes, because the time required for such 
large dunes to reverse greatly exceeds the duration of a 
tidal cycle. For example, the time needed for a 4 m-high 
dune to reverse is about 200 days of continuous bed-
load transport, based on an average rate of transport 
typical of tidal environments (Dalrymple and Rhodes 
1995). Longer-term flow reversals, such as those asso-
ciated with seasonal changes in the wind regime or 
ocean circulation, could, however, cause dune reversal 
and the creation of master-bedding planes. Similarly, 
high-energy storms with greatly increased sediment-
transport rates could also bring about dune reversal 
(Houthuys et al. 1994; Le Bot and Trentesaux 2004). 
The storm-wave activity can also erode the crest of the 
dune, generating horizontal erosion surfaces (e.g. 
McCave 1971; Dalrymple 1984; Berné et al. 1991).

The vertical succession of structures produced by a 
compound dune generally coarsens upward, and the 
individual cross beds in it commonly become thicker 
upward (Fig. 13.5). The upward-coarsening trend is 
caused by the fact that the shear stress exerted by 

the flow is higher at the crest than in the trough of 
the compound dune. The downward thinning occurs 
due to the fact that the superimposed dunes become 
smaller as they migrate down the larger lee face 
because they are losing sediment to the cross bed that 
they leave behind (Rubin 1987). The bottomset region 
of compound dunes is the area where muddy deposits 
are more likely to occur; bioturbation is also greater 
there than elsewhere.

13.5  Offshore Tidal Ridges

Tidal-current ridges are widely developed on tidal 
shelves and comprise a significant fraction of the total 
volume of all sandy deposits in the modern. They are 
the largest bedforms that exist, reaching 200 km in 
length, 10 km in width and 50 m in height. Offshore 
tidal ridges generally occur as fields of regularly 
spaced, parallel en echelon ridges (Off 1963) that can 
cover tens of thousands of square kilometers, as in the 
Celtic Sea, the North Sea, and the East China and 
Yellow seas (Fig. 13.6). They may also occur as iso-
lated ridges in the lee of islands and capes (in this case 
they are called banner banks). Offshore tidal ridges 
are made up by the accretion, at the largest scale, of 
the crossbeds formed by dunes.

13.5.1  Ridge Morphodynamics

Unlike dunes, ridges are not the expression of the tur-
bulence of the primary flow at the seabed and the 
related local advection of sediment. The ridges occur 
in rotary ‘cells’ within tidal-transport paths where the 
residual transport retains a higher proportion of the 
sediment that is in transit. Within these cells, ridges 
grow in place of flat sand sheets: sediment moves in 
opposite directions on either side of the ridge crest, 
with the potential for sand to circulate around bank ter-
minations (McCave and Langhorne 1982; Howarth 
and Huthnance 1984). Near the coast, these cells can 
correspond to the eddies that are generated by a head-
land (Fig. 13.7; Pingree and Maddock 1979). Further 
from the shore, on the open shelf where linear ridges 
develop, the rotary circulation is the result of a positive 
feedback between the reversing tidal flow and the 
topography of the ridge (Zimmerman 1978; Pan et al. 
2007). This rotary residual transport of sand is driven 
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by two vorticity forces that increase toward the ridge 
crest, one due to the increase of bottom friction in the 
shallower water over the crest, and the other due to an 
enhanced Coriolis effect (Fig. 13.8). The Coriolis 
effect either dampens or enhances the friction-driven 
circulation, depending on whether the ridge is oriented 

clockwise or counter-clockwise, respectively, to the 
peak tidal flow. This explains why ridges are mostly 
skewed in a counter-clockwise sense relative to the 
peak tidal flow in the northern hemisphere (Fig. 13.9).

The growth of a linear shelf ridge from a small 
bed perturbation (bump) was first modeled by 

Fig. 13.6 Map showing the distribution of the major tidal 
ridges (a) on the Western European shelves and (b) the East 
China and Yellow seas. All the ridges are linear, offshore ‘en 
echelon’ tidal ridges, except those in location 5, which are ban-
ner banks associated with a headland. In (a), ridge field 1 
occurs on a headland-associated shoal-retreat massif (Swift 
1975). Ridge field 2 might also occupy a shoal-retreat massif; 

alternatively, it may represent the redistribution of an east-west-
oriented barrier complex that existed earlier in the post-glacial 
transgression. Ridge fields 3 and 4 may represent an embay-
ment-head type of occurrence (cf. Dyer and Huntley 1999). In 
(b), note the train of tidal ridges along the retreat path of the 
Changjiang River (ridge field 2). Ridge field 1 may occupy the 
retreat path of the Huanghe and/or Han River

Fig. 13.7 (a) Tidal ridges around the Portland Bill headland, 
English Channel (see location in Fig. 13.6a – ridge field 5). 
These are typical ‘banner banks’ that form in the lee of coastal 
promontories (After Bastos et al. (2003). (b) Numerical model 
of tidal residual circulation (After Pingree and Maddock 1979). 
Bedform migration directions on Shamble Bank are consistent 

with the counterclockwise circulation of the modeled eddy. The 
observed convergence of bedload transport toward the centre of 
the eddies is explained by a centripetal reduction of bottom shear 
stress (see detailed explanation in Dyer and Huntley 1999). The 
process is efficient for small eddies only (ca. 10–20 km in diam-
eter), implying that this process cannot generate longer ridges
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Huthnance (1973, 1982a, b). The main process involved 
in the Huthnance model is that the bottom friction 
associated with the bump delays the upslope current 
more than it accelerates the downslope one. As a con-
sequence, the transport of sand toward the ridge crest 
will be higher than the off-ridge transport, thereby 

causing ridge growth. The transport paths over the 
ridge reflect the convergence of sediment toward 
the ridge crest, as noted first by Van Veen (1936). On 
the side of the ridge facing it, the dominant current is 
accelerated by flow constriction and the subordinate 
current is decelerated by flow expansion, so that the 
residual transport by the regionally dominant current is 
enhanced (Fig. 13.10). On the ridge side facing the 
subordinate current, the dominant current is weaker 
because of sheltering and the subordinate current is 
accelerated toward the ridge crest by flow constriction, 
so that the residual transport on this side is commonly 
dominated by the regionally subordinate current.

Huthnance (1982a, b) calculated that the ridges 
must become elongated and oblique to the peak flow at 
an angle of about 20°. Ridge elongation is proportional 
to the elongation of the tidal ellipse, and the initial 
bump from which a ridge grows does not have to be 
elongated or properly oriented itself. Based on tidal 
ridges in the China and Yellow Seas, Liu et al. (1998) 
suggest that linear ridges are restricted to areas where 
tidal M2 ellipticity (i.e., the ratio between the minor 
and major axes of the tidal ellipse) is < 0.4 (i.e., the 
tidal ellipses are significantly elongated), whereas sand 
sheets occur where the currents are more rotary. 
Hulscher (1996) showed that linear ridges are more 
prone to develop in deeper water, because the 3D flow 
structure is more homogenous and there is, therefore, a 
smaller phase lag between shear stress and the depth-
averaged current speed. Theory indicates that ridges 

Fig. 13.9 Tidal ridges and tidal-transport pathways in the 
southern North Sea (ridge field 3 in Fig. 13.6a). Note the align-
ment of the ridges at a small angle to the net sand-transport 
paths, which have been determined from the asymmetry of 
dunes. Most ridges are offset counter-clockwise to the tidal flow, 
in response to the mechanism described in Fig. 13.8 (After 
Kenyon et al. 1981)

Fig. 13.8 (a, b) Friction-driven vorticity (dotted circles) 
induced by oblique flow across an elongated bump on the sea-
bed. The open straight arrows show the flood and ebb current 
vectors. The black arrows show the resulting residual circulation 
around the bump (i.e. the tidal ridge). The vorticity increases 
toward the top of the ridge, acting to move bedload toward the 
ridge crest. (c) Coriolis-driven vorticity induced in the northern 

hemisphere (N.H.) by the flow across the same seabed relief. 
This results in a clockwise residual circulation (counter-clock-
wise in the southern hemisphere). This effect enhances or damps 
the friction-driven residual circulation. In the northern hemi-
sphere, their interplay favors the existence of ridges oriented 
counter-clockwise to the flow (After Pattiaratchi and Collins 
1987)
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must have a spacing that is of the order of 250 times 
the water depth (i.e. ridge spacing is many kilometers) 
in order for the residual rotary circulation to be estab-
lished (Huthnance 1982a). This prediction is supported 
by observations and may explain why linear tidal 
ridges are largely restricted to open shelves and seem 
to be absent in narrow seaways (Harris 1988; Malikides 
et al. 1988).

13.5.2  Ridge Architecture

As a consequence of the tidal asymmetry, the ridges 
migrate in the direction of the dominant regional cur-
rent, but at a rate that is so slow that it cannot be mea-
sured with confidence over a few years (Lanckneus 
et al. 1994). Because of the slight obliqueness of the 
tidal flow relative to the ridge axis, the ridges migrate 
laterally, as documented first by Houbolt (1968) 
(Fig. 13.11), especially in areas with a strong residual 
transport. In areas of weaker tidal asymmetry, accre-
tion can occur on both sides of the ridge (Davis and 
Balson 1992). Banner banks, because they are anchored 
in a coastal eddy, may be aggradational rather than 
migratory (Fig. 13.11). Lateral migration and aggrada-
tion are likely to be disrupted during periods of 
increased storminess, which can either accelerate 
deposition or cause significant erosion of the crest, 
producing flat, wave-planation surfaces, as showed for 
Sark and Shamble banks in the Western Channel 
(M’Hammdi et al. 1992; Bastos et al. 2003; Fig. 13.11). 
Although accretion on the regional down-current 
flank might be most common, accretion can occur 

on the side facing the dominant current (McCave 
and Langhorne 1982; Dalrymple and Rhodes 1995; 
Reynaud et al. 1999b; Fig. 13.12). This happens when 
the ridge height is a significant fraction of the water 
depth, such that bottom friction, which slows the flow 
toward the ridge crest, is greater than the tendency for 
acceleration as a result of the flow constriction. In this 
case, the cross-ridge flow can become accelerated 
through local low points along the crest, forming 
oblique channels called swatchways. These channels 
can then lead to splitting of the ridge into two, en ech-
elon parts as described by Caston (1972) (Fig. 13.13). 
By this mechanism, the ridge field can expand through-
out the area of the tidal transport pathway, provided 
there is sufficient sand.

It must be stressed that the available knowledge on 
the internal structures of offshore tidal ridges is based 
almost entirely on seismic data and surface morphol-
ogy. Therefore, it is difficult to propose a generalized 
facies model that can be used to interpret the rock 
record. From the facies point of view, it is likely that 
the deposits within tidal ridges are composed predomi-
nantly of crossbedded sand produced by the dunes that 
mantle the ridges in most situations. However, it is also 
likely that the deposits record, at least locally, the 
imprint of storm waves, in the form of gravel lags with 
large gravel wave ripples, coarse graded storm beds  
or even HCS if the grain size is too fine to form dunes 
(cf. Yoshida et al. 2007). Because of the very large 
sediment volume within a ridge, one or more storms 
will not destroy the ridge but can be very prominently 
recorded in its architecture and facies (Houthuys and 
Gullentops 1988a, b). The deposits are thought to 

Fig. 13.10 Conceptual model of flow over an offshore tidal 
ridge that is slightly oblique to the tidal currents. The bending of 
the flow across the ridge is a consequence of friction at the sea-
bed, which delays the shallower edge of the flow. The crest of 
the ridge is a convergence zone because of opposed net transport 

directions on either side of the ridge crest. The circulation of 
sand around the ends of the ridge has been documented by 
McCave and Langhorne (1982) and Howarth and Huthance 
(1984), but it is not a requirement for ridge formation (After 
Houbolt 1968 and Caston 1981)
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coarsen upward, because current speeds and wave 
action are highest on the ridge crest. If, however, the 
ridge becomes large enough that it impedes cross-ridge 
flow, then there may be a tendency for finer sediment 
to accumulate in the area of weaker currents on the 

ridge crest. As we will see later, however, the sea-level 
history during ridge growth and migration can be sig-
nificant, because ridges are so large that their lag time 
is likely to be of the same order as the duration of a 
high-frequency sea-level cycle.

Fig. 13.11 Transverse cross-section of Shambles Bank in the 
English Channel (see also Fig. 13.7). The flat erosional surfaces 
that constitute the main master bedding may be the result of ero-
sion by storm waves. The pattern is partly aggradational, because 

the sand is trapped in the residual eddy that determines the 
location of the bank. The large superimposed dunes produce 
compound crossbeds with cosets over 6 m in thickness (After 
Bastos et al. 2003)

Fig. 13.12 Longitudinal and transverse sections through a 
deep-shelf tidal ridge in the Celtic Sea. The units are: 1 flank 
deposits of the early stage of ridge growth; 2 climbing, very 
large compound dunes of the high-energy phase of ridge growth; 
3 swatchway channel cut through the ridge by strong, cross-ridge 

tidal flows when the ridge crest was shallowest; and 4 abandon-
ment deposits formed by destructive reworking of the ridge crest 
by wave action after active growth ceased. Dominant current 
was to the SW. See Fig. 13.6a (area 6) for location (After 
Reynaud et al. 1999b)

Fig. 13.13 Sequential model of ridge evolution and splitting, 
based on the Norfolk Ridges (see location in Fig. 13.6a, ridge-
field 1). The process of ridge splitting is probably initiated by the 

development of a cross-ridge swatchway (in steps 2 and 3 from 
the left), which grows in size until the original ridge separates 
into two parts (After Caston 1972)
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13.5.3  Ridges in the Rock Record

There are very few detailed case studies in the ancient 
that argue convincingly for the existence of tidal-cur-
rent ridges. The Mutti et al. (1985) model for a ‘tidal 
bar’ shows an upward-coarsening succession and the 
presence of dune cross bedding as predicted from 
modern tidal ridges, but it shows forward accretion 
instead of the lateral accretion documented from mod-
ern examples. Therefore, the bedforms described by 
Mutti et al. (1985) are more likely to represent very 
large compound dunes (cf. Fig. 13.4; Dalrymple 
2010b). The Johnson (1977) model for tidal ridges 

(Fig. 13.14) is more consistent with modern examples 
because of the presence of lateral accretion and 
upward coarsening, but the suggestion that migration 
is always in an offshore direction is inconsistent with 
many modern examples. The absence of a basal ero-
sion surface is also not what is seen in modern shelf 
ridges. Erosionally based shelf sand bodies have been 
documented from the Cretaceous Western Interior 
Seaway of Northern America (Tillman and Martinsen 
1984), but they have been reinterpreted as forced-
regressive shorefaces and deltas, detached from the 
coast by  subsequent transgressive ravinement (Walker 
and Bergman 1993; see Chap. 17).

Fig. 13.14 Depositional model for a tidal shelf ridge, based on 
the Precambrian of north Norway. The ridge is interpreted to be 
shore-parallel and separated from the coastline by an area of 
wave erosion. The upper part of the ridge is composed of cross-
bedded sandstone created by the along-strike migration of dunes 

(‘sand waves’). Channels cut by bidirectional currents dissect 
the ridge crest. The ridge growth and migration is related to 
storm-enhanced tidal activity. It passes gradually offshore to 
muddy, storm-influenced facies (From Johnson 1977)
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13.6  Tidal-Transport Pathways

13.6.1  General Characteristics

As has been discussed already, the asymmetry of the 
tidal currents that results from the complex interac-
tion of the tidal wave with the shelf and shoreline 
morphology, or with other currents (e.g., storm, 
wind-induced or geostrophic currents; Flemming 
1980; Suter 2006), leads to the existence of tidal-
transport pathways that extend over large areas. In 
each pathway, there is unidirectional residual trans-
port of sediment that is reflected in the grain-size of 
the sediment and the spatial distribution and facing 
direction of bedforms (e.g. Grochowski et al. 1993; 
Fig. 13.15). In areas surrounding the British Isles 
where they are documented in detail, such tidal-
transport pathways stretch for tens to hundreds of 
kilometers (Fig. 13.16). Sand is transported away 
from erosional areas referred to as bedload partings 
(i.e. locations where the directions of residual trans-
port diverge; Harris et al. 1995), and moves along the 
transport pathway, much of which is a bypass zone 
(Stride 1963; Kenyon and Stride 1970; see summary 
in Johnson et al. 1982). In general, current speed 
decreases along the length of a transport pathway. 
Consequently, the sand becomes finer in the residual 

down-current direction, and is deposited as the 
transport capacity decreases. The location of the site 
of maximum deposition, and hence the thickest 
deposits, depends on the rate of decrease of transport 
capacity and does not need to be located at the end 
of the transport pathway. The maximum net deposi-
tion might also occur where two pathways meet (i.e. 
a bedload convergence zone), as it is the case to the 
west of the Strait of Dover (Fig. 13.15).

Smaller scale tidal-transport pathway can also be 
created by topographic constrictions. For example, 
straits can create localized areas of scour because of 
flow acceleration through the narrows. On the other 
hand, the flow exiting from the constriction experi-
ences flow expansion leading to sediment deposition. 
Because of the reversing flow, deposition can occur at 
both ends of the strait, which acts as a localized bed-
load parting. Several examples of such accumulations 
have been documented from the rock record. The 
deposits associated with the straits can take the form 
of extensive sand sheets (with or without tidal ridges) 
or more localized delta-like bodies (e.g. Kamp et al. 
1988; Reynaud et al. 2006; Fig. 13.17). Because these 
topographically controlled tidal-transport pathways 
are spatially more restricted than those occurring on 
open shelves, crossbedded sands can pass laterally to 
finer-grained, non-tidal facies over only a few kilo-
meters (Bassant et al. 2005).

Fig. 13.15 Residual bedload transport directions in the English 
Channel, based on hydrodynamic modeling of tidal currents. 
The modeled tidal-transport pathways is in good agreement with 

the transport directions deduced from active bedforms, except in 
the Strait of Dover where the convergence zone lies further to 
the north (After Grochowski et al. 1993)
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13.6.2  Bedform Distribution

A predictable progression of bed features occurs along 
a tidal-transport pathway as a result of changes in the 
sediment regime (Belderson et al. 1982; Fig. 13.18). In 
erosional, bedload-parting areas, older deposits are 
exposed or are covered by a patchy veneer of lag gravel 
and sand. Erosional features include current-parallel 
furrows and flute-shaped depressions. Mobile sand in 
these areas occurs as sand shadows in the lee of bed-
rock obstacles and as current-parallel sand ribbons. 
Subaqueous dunes can be present on the sand ribbons. 
As sand begins to become more abundant down the 
transport pathway, fields of dunes that migrate in the 

direction of the residual transport begin to form. In 
regions of limited sand, the dunes are separated by 
areas with no sand cover (i.e., they are ‘starved’) and 
have a barkhanoïd shape (Fig. 13.18b). If there is a 
larger amount of sand, the dunes coalesce to produce 
tidal sand sheets (Fig. 13.18a) and, under proper con-
ditions, tidal sand ridges (Fig. 13.18c). At the extreme 
end of the transport pathway, sheets and patches of 
rippled fine and very fine sand occur where the current 
speed is below the critical velocity for dune stability.

As discussed above, the upper limit on dune size 
is controlled by the thickness of the boundary layer, 
which is approximated by water depth in many situa-
tions. However, current speed, grain size and sediment 

Fig. 13.16 Sea-floor sediment type, surface currents and tidal-
transport pathways around the British Isles. Arrows show poten-
tial bedload-transport directions that diverge from erosional 

bedload partings, to convergence areas where deposition occurs 
(After Howarth 1982 and Johnson et al. 1982)
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Fig. 13.17 Subaqueous, delta-like body formed of bioclastic 
carbonates at the ‘mouth’ of a subaqueous channel that cut 
through the low part of an anticlinal ridge in the Pliocene forearc 
basin of the Northern Island of New Zealand. The delta deposits 

consist in giant tabular crossbeds, with sets 10–40 m thick and 
foreset dips of 7–36°. The delta pinches out basinward into fine-
grained deposits (From Nelson et al. 2003)

Fig. 13.18 Schematic diagrams showing the spatial distribution of 
bedform types along tidal-transport pathways (net sediment trans-
port is toward the front of the diagram): (a) intermediate case; (b) 
regions with limited sand; and (c) areas with abundant sand. The 
up-current area in all examples experiences net erosion, whereas 
the downstream portion experiences net deposition because of the 

down-current decrease in current speed (numbers in circles). In (c), 
tidal sand ridges (tidal sand banks) occur in the upcurrent (higher 
current speed) portion of the depositional area. Such ridges pass 
down-current into a tidal sand sheet that is mantled by dunes. All 
of the features shown are part of the ‘transgressive lag’ that mantles 
a flooding surface (From Belderson et al. 1982)



35313 Shallow-Marine Tidal Deposits

availability also influence the size to which dunes grow. 
At the scale of an entire tidal-transport pathway, 
the dunes decrease in size along the pathway due to 
a decrease in tidal-current speed and grain size 
(Fig. 13.18a). Thus, the largest dunes are commonly 
found a short distance down-flow from the point where 
significant deposition occurs within the pathway, 
because this is where the current speed, grain size and 
sediment availability are greatest. At a smaller scale, 
the dunes in sand sheets are commonly grouped in iso-
lated dune fields that are surrounded by an immobile 
substrate (e.g. Reynaud et al. 1999a). By contrast to 
what happens at the larger scale, the dunes in a dune 
field commonly increase in size in the down-flow direc-
tion, because of the increasing amount of available 
sand. As the dunes get bigger, they also get less mobile, 
with the larger ones tending to trap sediment brought to 
them by more rapidly migrating smaller dunes. Sand 
may not be able to escape from them; consequently, the 
dune field can terminate abruptly with the largest dunes 
near or at their leading edge. Within sand-ridge fields, 
scour in the troughs between the ridges commonly 
exposes older deposits that can be an internal source of 
sediment. The coarse-grained, shelly lags that occur in 
the troughs correlate to, and may be laterally continu-
ous with, the lag facies in the bedload-parting area.

13.6.3  Deposits

Evidence of the former existence of tidal-transport 
pathways is likely to be preserved on flooding surfaces 
in ancient successions that contain evidence of tidal 
action. Over large areas, this evidence will consist of 
a marine erosion or ‘ravinement’ surface (see more 
below) that is mantled by a thin lag. In a down-transport 
direction, the deposits on this surface will thicken, 
potentially reaching a few tens of meters in thickness. 
The most volumetrically significant facies will consist 
of cross-bedded sands formed by dunes that were part 
of isolated dune fields, or of more extensive sand sheets 
and tidal-current ridges. The deposits of tidal-current 
ridges have been discussed above; here, we examine 
the deposits of sand sheets (Fig. 13.18a).

Little is known about the organization of these 
deposits, but we hypothesize that the vertical succes-
sion produced by a sand sheet consists of a stacked 
succession of simple and compound-dune deposits 
(Fig. 13.5), produced during an episode of increased 

tidal activity and areal expansion of the bedload  parting 
area because of the transfer of sand to the depositional 
area (Harris et al. 1995). The lower part of this succes-
sion should coarsen upward, with an upward increase 
in the scale of the crossbeds, as a result of a ‘prograda-
tion’ of up-flow parts of the sand sheet over its more 
distal portion (Fig. 13.19a). As progressively larger 
bedforms migrate into the area, the scour surfaces at 
their base might become more prominent, potentially 
removing significant a amount of the pre-existing suc-
cession. If migration of the sand sheet continues, the 
succession will be overlain by an erosional surface 
corresponding to the bypass zone at the upcurrent-end 
of the transport path (Fig. 13.19a). If, instead, flow 
speeds decrease because of a change in the tidal regime, 
then the dunes on the sand sheet should become smaller 
and finer grained, generating an overall upward fining 
succession at the top of the sand-sheet deposit.

Full development of such a succession, with a lower 
upward coarsening/thickening part and an upper 
upward fining thinning of crossbeds, requires a rela-
tively abundant supply of sediment. Mellere and Steel 
(1996) and Blackwood et al. (2004) describe succes-
sions from a seaway setting that show strong similari-
ties to this model. Perhaps the closest match has been 
described from a cool-water carbonate environment 
(Anastas et al. 2006; Fig. 13.19b). In this case, the suc-
cession has been interpreted to reflect the migration of 
an area where the tidal current is above the threshold 
of dune formation rather than a change of current speed 
as a result of sea-level rise, but the result of these two 
processes may be difficult to distinguish. At the fringe 
of that area, patch reefs are present and there is a ten-
dency for the development of hardgrounds (cf. 
Fig. 13.19b).

Strong tidal currents are commonly correlated with 
the supply of nutrients, so that the deposits in tidal 
sand sheets are likely to be bioturbated and, even in 
siliciclastic settings, to contain shelly fauna (Wilson 
1982). If the dunes in a tidal-transport pathway migrate 
rapidly, then the intensity of bioturbation will be low, 
whereas dunes that migrate slowly (i.e. the larger ones, 
or those toward the distal end of a tidal-transport 
pathway) can be bioturbated more thoroughly. In gen-
eral, the bottomsets of the dunes will be more intensely 
bioturbated than the foresets. The assemblage will be a 
mixed Skolithos-Cruziana Ichnofacies (Seilacher 1967; 
Ekdale et al. 1984; MacEachern et al. 2005), with verti-
cal burrows subtending from the erosion surfaces that 
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separate cross beds, and horizontal burrows within the 
deposits. For additional details on the ichnology of tidal 
deposits, readers are referred to Chap. 4.

13.7  Transgressive Stratigraphy

As noted already, sandy tidal deposits on modern 
shelves are transgressive in origin (Fig. 13.20), and 
such is likely to be the case in the ancient as this is the 
main time that coarse-grained sediment (coarser than 
mud) is able to escape from nearshore areas onto the 
shelf. The siliciclastic sand that forms these deposits 
is derived primarily from the reworking of older depos-
its, including such features as drowned valley fills 
(Reynaud et al. 1999c), lowstand deltas (Posamentier 
2002; Berné et al. 2002; Fig. 13.21) and transgressed 
coastal barriers (Fig. 13.6a). Sand is especially abun-
dant seaward of headlands, because the convergence 

of longshore drift, coupled with erosional retreat 
of the shoreline, creates a large headland-attached 
sand body called a shoal retreat massif (Swift 1975). 
Similar sediment bodies also form seaward of river 
mouths. As the transgression progresses and the shore-
line migrates landward, nearshore ridges become left 
behind on the shelf where they can either become 
moribund or continue to be reworked actively. Even 
where the source deposit is muddy, the tidal currents 
can winnow away the mud and produce a sandy 
deposit, as illustrated by some ridges in the East China 
Sea (Liu et al. 2007).

Erosion of the shoreline and shelf during the trans-
gression is generally termed transgressive ravinement. 
In wave-dominated settings, transgressive ravinement 
is generally limited to the shoreface, forming a wave 
ravinement surface. In tidal environments, transgres-
sive ravinement occurs at the coast, both as tidal 
ravinement at river mouths and as wave ravinement 

Fig. 13.19 Space-thickness diagrams showing the successions 
created by a tidal-transport pathway in (a) a siliciclastic setting 
where most sediments are reworked from older deposits and (b) 
a carbonate environment with significant in situ production. Note 
the difference with regard to where the deposit occurs relative 
to the area of strongest currents. Progressive sediment starvation 
in the siliciclastic setting and down-flow migration of facies 
zones take place as the zone of seafloor erosion expands (cf. 
Harris et al. 1995), producing an upward-coarsening succession 
topped by an erosional lag. The carbonate system, by contrast, is 

not sediment starved and records a more symmectrical upward-
coarsening/upward-fining succession that forms as a result of 
migration of the dune field over lower-energy deposits, followed 
by gradual abandonment as tidal-current speeds decreases while 
transgression proceeds. Patch reefs are inferred to occur in prox-
imity to the dune field in the carbonate example, because nutri-
ents are supplied by the tidal currents. Cross sections not to scale, 
but sediment thicknesses can reach 30–50 m in both situations. 
The horizontal extent is tens of kilometers. (Sketches based on 
Belderson et al. 1982 and Anastas et al. 2006, respectively)
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Fig. 13.20 Model of depositional succession on transgressive 
tidal shelves, supposing that all of the facies tracts are superim-
posed on each other. The succession begins with a valley-fill 
deposit that is capped by tidal-current ridges that formed on the 

shelf. LST, TST, HST lowstand, transgressive, and highstand 
systems tracts; SB sequence boundary; RS transgressive 
ravinement surface; MFS maximum flooding surface (After 
Dalrymple 2010b)

Fig. 13.21 (a) Seismic section from the East China Sea, offshore 
from the Changjiang River (see location in Fig. 13.6b, ridge field 2). 
Laterally migrating tidal ridges are present on the modern sur-
face; older ridges are present near the bottom of the section, bur-
ied beneath prodeltaic mud. (b) Interpretation of the succession, 
as determined from seismic attributes and facies in cores. 
Depositional environments in (a) and (b): 1 prodeltaic deposits, 
2 deltaic/estuarine channels of the falling-stage and lowstand sys-
tems tracts, 3 fluvial deposits of the lowstand systems tract, 4 early 

transgressive estuarine channels, and 5 transgressive shelf ridges. 
RSME regressive surface of marine erosion, TSME transgressive 
surface of marine erosion, SB sequence boundary, MFS maxi-
mum flooding surface. (c) Schematic vertical succession through 
the ridge (location shown by the gray rectangle in b). The coars-
ening-up succession reflects the increase of hydrodynamic energy 
toward the ridge crest. Note the coarse lag at the bottom of the 
ridge, which is interpreted as the tidal ravinement surface (From 
Berné et al. 2002)
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along the open-coast shoreface. It continues, however, 
in the offshore area as a result of tidal scour in wide-
spread, bedload-parting and bypass zones, forming a 
surface that we term an offshore tidal ravinement sur-
face (Reynaud et al. 2003) to distinguish it from ravine-
ment surfaces formed in the coastal zone. The offshore 
tidal ravinement surface can be continuous with the 
coastal ravinement surface, or can be stratigraphically 
distinct, as is the case where the bedload parting area 
migrates over areas that were formerly depositional 
(Fig. 13.19a).

If the sand liberated from the seafloor by offshore 
tidal ravinement is carried away by the residual trans-
port, erosional offshore tidal ridges can form, as is the 
case in the Yellow Sea and the Korea Strait (Jung et al. 
1998; Jin and Chough 2002, Park et al. 2006). The 
outer shape of the Celtic Banks has also been inter-
preted by some authors as purely erosional (Berné 
et al. 1998). The same circulation cells as those shown 
in Figure 13.8 exist, but in an erosional, rather than 
depositional, mode. Some of these ridges have been 
sculpted into muddy estuarine deposits that predate the 
last glacial-maximum lowstand (Fig. 13.22), and are 
mantled by a veneer of modern tidal sand. As sea level 
rises, the erosional area can migrate landward and the 
ridges can enter a progressively more depositional 
regime while current speeds decrease. A constructional 
tidal ridge may then develop above the erosional form 
that acts as the nucleus for sediment deposition. 
Numerous examples of offshore tidal ridges that show 
this erosional-depositional history exist, including the 
ridges of the Boulonnais along the northern French 
coast (Lapierre 1975; De Batist et al. 1996) and the 
Flemish Banks in the southern North Sea (D’Olier 
1981; Laban and Schuttenhelm 1981; Berné et al. 
1994; Trentesaux et al. 1999; Fig. 13.23).

Thus, extending the evolutionary model proposed 
by Snedden and Dalrymple (1999), there might be a 
continuum between erosional (juvenile) and construc-
tional (fully evolved) ridges as conditions change over 
a transgression (Fig. 13.24). Juvenile ridges contain the 
initial relief or bump from which they grew. In some 
instances, this precursor might be composed of sand. 
This is, for example, the case of one of the Flemish 
Banks (Trentesaux et al. 1999; Fig. 13.23). There, the 
‘precursor’ consists of a finer-grained, more biotur-
bated and less well sorted sandbody (U4 in Fig. 13.23) 
that may correspond to a shoreface-attached ridge, 

resting on a pebble lag (the wave ravinement surface). 
This is overlain, above a prominent offshore tidal 
ravinement surface, by the modern shelf ridge that con-
sists of well-sorted, coarser, bioclastic-rich crossbed-
ded sand (U6-7 in Fig. 13.23). The longer the ridges are 
active, the more fully developed they are likely to 
become. As a consequence, the ridges that originate 
early in the transgression and are, thus, located on the 
outer shelf today, are more likely to be fully evolved 
than those that originated close to the highstand coast, 
as examplified by the ridges in the English Channel and 
its Western Approaches (Fig. 13.25).

As the water depth increases during the transgres-
sion, the tidal-current speeds can decrease (Fig. 13.26), 
causing the tidal ridges to become moribund (i.e. they 
are no longer active). The Celtic Ridges are the best-
described examples of moribund ridges (Bouysse et al. 
1976; Pantin and Evans 1984; Reynaud et al. 1999a, b). 
They have a rounded shape, and there is evidence of 
storm erosion of their crest and the development of 

Fig. 13.22 Interpreted seismic sections showing the complex 
internal architecture of erosional transgressive tidal ridges in the 
eastern part of the Yellow Sea. The internal bedding is overall 
aggradational, comprising two seismic facies interpreted as low-
stand, probably fluvial, deposits (chaotic reflections) that rest on 
sequence boundaries (circled numbers without prime), and early 
transgressive tidal coastal muds (stratified deposits) that rest on 
tidal ravinement surfaces (circled numbers with prime). The 
ridge shape is entirely erosional, with the external surface trun-
cating strata within the ridge. Most of the sediment within the 
ridge is muddy heterolithic deposits that predate the last glacial 
lowstand (From Jin and Chough 2002)
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Fig. 13.23 Seismic profiles across Middelkerke Ridge (Flemish 
Ridges, Southern North Sea, see Fig. 13.6a). U1–U3 estuarine 
channels and tidal flats; U4 coastal barrier, shoreface and ebb-
deltas; U6–U7 active, offshore tidal ridge. The sinusoidal bold 
line is the offshore tidal ravinement surface; the clean, offshore 

sands of the ridges lie on this surface. The plain thick black line 
is the wave ravinement surface, which is marked by a pebble lag 
(After Trentesaux et al. 1999)

Fig. 13.24 Evolutionary model of offshore ridges. An initial 
bump, or nucleus, is required to start the Huthnance process. As 
the ridge migrates in response to the residual current, this initial 
core ends up being removed by erosion of the upcurrent side of 
the ridge. Fully developed ridges are exemplified by the deepest 

Norfolk Ridges in the Southern North Sea (Figs. 13.6a and 
13.10). Partially evolved ridges that retain part of the original 
nucleus are more similar to the Flemish Ridges (Fig. 13.23) that 
are located closer to the coast and started to form later in the last 
transgression (From Snedden and Dalrymple 1999)



Fig. 13.25 Depositional setting and key sequence-stratigraphic 
surfaces within tidal sand ridges in the southern Celtic Sea and 
eastern English Channel (see location in Fig. 13.6a, ridge fields 
6 and 4, respectively) that were formed early and late, respec-
tively, in the last post-glacial transgression. The shallower tidal 
ridges have a core that may preserve coastal sandbodies. By 

contrast, the offshore tidal ravinement surface has more time  
to rework the deeper ridges, which are therefore ‘fully evolved’ 
(cf. Fig. 13.24). Subsequent to their formation, tidal currents 
became weaker in the course of the transgression, leaving them 
“moribund” and partly eroded by storm waves, forming a wave 
ravinement surface at their crest (After Reynaud et al. 2003)

Fig. 13.26 Paleotidal modeling of the English Channel, Irish 
Sea and southern North Sea for four times during the last trans-
gression. The maps show the peak bed-stress vectors (length is 
proportional to the current strength) and the directions of poten-
tial sand transport, which define the tidal-transport pathways 
that evolve through time as sea level rises. The peak bed stress 
near the shelf-margin, in the area occupied by the Celtic Sea 

sand ridges (Figs. 13.6a and 13.12), is at a maximum around 
16 ka, suggesting that these ridges were formed in the early 
stage of the last transgression. Note that, as transgression pro-
ceeds eastward up the English Channel, the shear stress decreases 
until the Strait of Dover is flooded, at which time conditions are 
created that allow the formation of a new set of ridges there (cf. 
Fig. 13.25) (From Uehara et al. 2006)
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wedges of sediment that partly bury the ridge flanks 
(Figs. 13.12 and 13.25). Consequently, their outer 
slopes are less steeply inclined than those of active 
ridges, and commonly dip at less than 1° (Stride et al. 
1982). Dunes, which typically mantle active ridges, 
are generally absent from their crest. A decrease in the 
ability of the tidal currents to bring in more sand leads 
to an increase in the carbonate content of the sediment, 
forming a shelly lag on the ridge crest; the constituents 
present in this bioclastic material should record the 
increasing water depth (Wilson 1988). The increase in 
shell content can be either gradual or abrupt (Wilson 
1982; Davis et al. 1993). The surface of the ridge can 
also become pervasively bioturbated. In the ancient, 
the post-ridge draping deposits might record a transi-
tion from tidal to wave dominance, as reported from 
examples in the Western Interior Cretaceous of the 
USA (Hein et al. 1991; Mellere and Steel 1995; 
Yoshida et al. 2007). As would be expected in a trans-
gressive succession (Fig. 13.20), the first deposits 
above the ridge crest are glauconitic shelf muds that 
indicate sediment starvation and slow sedimentation 
(Surlyk and Noe-Nygaard 1991) and the formation of 
the maximum flooding surface. The dominantly muddy 
sedimentation that characterizes the overlying high-
stand systems tract may entirely bury the remnant 
ridges, as is observed in the Pleistocene of the East 
China Sea (Berné et al. 2002; Fig. 13.21) and the 
Miocene of offshore Java (Posamentier 2002).

13.8  Sea-Level and Geomorphic 
Interactions

Because the oceanic tidal wave interacts strongly 
with the morphology of the shelf and coastline, changes 
in the geomorphology of an area as a result of changes 
in relative sea level can have a profound influence on 
the occurrence of tidal deposits. As noted above, it is 
generally believed that the formation of sandy tidal-
shelf deposits is restricted to transgressive situations. 
The occurrence of muddy tidal-shelf deposits is not 
well known because they have not been studied as sys-
tematically, but they appear to occur mainly in regres-
sive, delta-related settings (e.g. the Amazon River: 
Gabioux et al. 2005; Bourret et al. 2008; the Irrawaddy 
River: Viana et al. 1998; Ramaswamy et al. 2004; Rao 
et al. 2005; the Yellow River: Yang and Liu 2007). 
Such deposits are discussed elsewhere in this volume 
(Chap. 7). From a theoretical point of view, however, 

there is no reason for tidal dominance to occur only 
during transgressions (Yoshida et al. 2007). The 
following sections explore the timing of tidal domi-
nance, focusing primarily on the results of paleotidal 
modeling of both modern and ancient basins.

13.8.1  High-Frequency Changes

Short-term, tectonic- or climate-driven sea-level varia-
tions with a period of less than about 100,000 years 
(fourth-order or higher; Vail et al. 1977) can bring 
about rapid change in the nature of shelf sedimenta-
tion, potentially causing an alternation between tidal 
and non-tidal deposits (Fig. 13.21). Two contrasting 
situations can be documented: (i) open shelves on 
passive margins, and (ii) epicontinental seaways.

On open shelves, the tidal influence is expected to 
increase with rising sea level, because the increasing 
shelf width typically brings the system closer to reso-
nance, although the opposite can occur if the width at 
lowstand is close to one-quarter of the tidal wave-
length. If the shelf has embayments, they might be the 
most sensitive to changes in tidal influence, due to fun-
neling of the flow toward the head of the bay. The 
increase in tidal influence can be geologically instanta-
neous in situations where the geomorphology changes 
rapidly. This was the case in the Gulf of Maine-Bay of 
Fundy system, which changed from microtidal to 
extreme macrotidal over a period on only a few thou-
sand years (Greenberg 1979; Dalrymple and Zaitlin 
1994; Shaw et al. 2010). One possible ancient ana-
logue is provided by the Woburn Sands in the 
Cretaceous Greensand Seaway of NW Europe, where 
the strength of the tides increases upward through the 
transgressive succession, being stronger in shelf sedi-
ments than it is in estuarine deposits at the base 
(Yoshida et al. 2004), a situation that is the reverse of 
what might be expected because tidal currents are typi-
cally stronger within embayments than on the open 
shelf. Once tidal resonance has been reached, however, 
any further increase in sea level will result in the 
decrease in tidal influence. This might be illustrated by 
the sudden abandonment and preservation of fossil 
tidal dune fields beneath Holocene offshore muds in 
the Southern North Sea (Brew 1996). This could also 
be the case for the tidal sandbodies of the Devonian 
Castkill Sea (Ericksen et al. 1990).

It must be noted that different parts of the transgress-
ing sea can become resonant at different times, or 
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perhaps more than once during a major transgression. 
This might have been the case for the English Channel 
during the last sea-level rise. After a first ‘tidal cli-
max’ early in the post-glacial transgression (i.e., at ca. 
16 ka BP), an abrupt loss of tidal resonance was 
recorded that might correspond to the end of active 
up-building of the Late Pleistocene Celtic Banks 
(Reynaud et al. 1999b; Uehara et al. 2006). Much 
more recently, a second phase of strong tidal action 
has occurred in the Normandy-Brittany Gulf and 
Eastern Channel, bringing about the formation of a 
second set of tidal ridges at a much more landward 
location (Reynaud et al. 2003; Fig. 13.25).

In the case of broad seaways, the tidal influence is 
likely to increase with falling sea level, because nar-
rowing of the seaways favors the constriction of tidal 
flows and restricts the fetch of wind waves (Yoshida 
et al. 2007). A narrowing of the seaway due to progra-
dation of its margins would have the same effect, even 
if water depths were increasing (Van der Molen et al. 
2004). The Cretaceous Western Interior Seaway of 
Northern America provides examples of this type of 
response to sea-level change, with lowstand deposits 
being tide-dominated, whereas highstand deposits are 

wave-dominated (see Chap. 17). In a different example, 
paleotidal modeling by Wells et al. (2007) showed that 
tidal circulation inside the Late Pennsylvanian 
Midcontinent Seaway of America would have been 
diminished during times of maximum flooding, pro-
moting the development of black shales, whereas the 
lowstand to transgressive intervals, when the seaway 
was narrower, favored the development of large tides in 
the eastern embayment of the seaway, as recorded by 
the coeval fluvial-estuarine transition in Kansas (Lanier 
et al. 1993). At a smaller scale, the same interpretation 
is provided by the Miocene incised valleys/seaways of 
SE France (Besson et al. 2005; Reynaud et al. 2006). 
During highstands, the valley interfluves are flooded 
creating broad seaways in which deposition consisted 
of wave-influenced carbonate-rich mudstones with 
minimal tidal influence (Fig. 13.27). By contrast, when 
sea level fell and the interfluves became emergent, flow 
constriction within the valleys lead to the accumulation 
of localized tide-dominated deposits. Other examples 
of water-depth control on the strength of tidal currents 
in seaways are provided by Anastas et al. (2006; 
Oligocene of New Zealand) and Surlyk and Noe-
Nygaard (1991; Jurassic of Scotland; Fig. 13.28).

Fig. 13.27 Succession of deposits in the Miocene foreland-basin 
seaway of SE France, showing the influence of changing sea level 
and morphology on the development of tidal deposits. (Right) 
Succession of third-order sequences (S1–S6), each of which is 
composed of a lower, bioclastic-rich transgressive (TST) deposit 
formed by tidal dunes, and an upper marly, wave-influenced high-
stand (HST) deposit. The sequence boundaries are possibly suba-
erial erosion surfaces, but they were intensely scoured by strong 
tidal currents during transgression, forming tidal ravinement sur-
faces. The thickness of the sequence set exceeds 100 m in most 

places. (Left) Detailed architecture of the Saumane-Venasque sea-
way filled and overtopped by sequence S1. When relative sea level 
was low and water was confined to the valley, the deposits were 
tide-dominated, coarse-grained bioclastic material. Once the 
water level rose above the interfluves, the cross-sectional area 
increased dramatically, so that tidal-current strength decreased, 
and the deposits became fine grained and wave-dominated. 
OTRS offshore tidal ravinement surface. This depositional pattern 
is repeated in each of the six sequences shown in the right-hand 
figure (After Besson 2005 and Besson et al. 2005)
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13.8.2  Long-Term Changes in Basin 
Morphology

On the much longer time scale of first- to second-
order sea-level changes (up to a few hundreds of 
meters of relative sea-level change, stretching over 
tens to hundreds of millions of years), two generic 
end-member situations arise (Fig. 13.29). During 
overall low sea-level periods (e.g. during the late 
Cenozoic and present), there is limited flooding of 
continental interiors. Most shallow-marine sedimen-
tation occurs on narrow shelves at the margins of the 
continents. Large-scale embayments are restricted 
primarily to tectonically structured seaways along 
collisional or transform margin (Kamp et al. 1988; 
Hoppie 1996). During overall high sea level, such as 
in the Upper Cretaceous, by contrast, a much larger 
part of the continents is flooded, creating extensive 
semi-enclosed seas with a complex topography. 
Because of their complex paleogeography, these seas 
experience very complex interactions between fric-
tion forces and tide-enhancing processes that cannot 
be solved without the help of paleotidal modeling.

It is expected that, in the course of an overall first- 
or second-order transgression, the shelf will gradually 
grow wider, with the progressive development of a 
more complex coastline, including tidal embayments 
that can extend many hundreds of kilometers inland 
(Houbolt 1982; Houthuys and Gullentops 1988a, b; 
André et al. 2003). With continued sea-level rise, 
these embayments can eventually evolve into tidal 
seaways and straits with a marine connection at both 
ends (e.g. Anastas et al. 1997; Besson et al. 2005; 
Longhitano and Nemec 2005). Whereas tidal currents 
must decrease at the head of an embayment, they can 
be accelerated through a seaway, making possible the 
propagation of a progressive tidal wave and the main-
tenance of strong tidal currents a long distance into 
the continental interior. This seems to have been the 
case for the Peri-Alpine, Miocene seaway of southern 
Europe, which formed a short-lived connection 
between the Atlantic and the Paratethys during the 
Burdigalian (Allen et al. 1985; Martel et al. 1994; 
Bieg 2005; Fig. 13.30). If, however, tidal resonance 
occurs at the embayment stage, the connection of the 
head of the embayment to another tidal basin as a 

Fig. 13.28 Inferred influence of sea-level change on the 
architecture of tidal deposits infilling a Jurassic seaway that 
occupied a North Sea rift basin. The succession consists of an 
alternation of thick crossbedded deposits formed by large 
dunes migrating along the axis of the seaway that form a tidal 
sand ridge during transgressive periods, and finer-grained 
and more thinly bedded sandstones that accumulated during 

highstands when the water depth was greater and the currents 
speeds were less. Each sea-level fall and the start of the subse-
quent transgression is marked by a discrete pebble lag and bio-
turbated, glauconitic horizon that underlies the giant crossbeds. 
Labels in the margin refer to deposit attributes (SB sand bank, 
SS sand sheet, arrows palaeocurrents) (From Surlyk and Noe-
Nygaard 1991)
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result of sea-level rise could bring about an abrupt 
decay of tidal currents, as demonstrated by the post-
glacial evolution of Cook Strait, New Zealand (Proctor 
and Carter 1989). As a result of paleotidal modeling 
of the Lower Cretaceous Greensands Seaway in 
Europe, Wells et al. (2010) suggest that, although the 
southern connection of the seaway to the Neotethys 
would have been crucial for the development of sig-
nificant tides, the existence of a coeval connection to 
the North Sea would have caused tides to decrease 
(Fig. 13.31).

During times of very high sea level and extensive 
flooding of the continents, extensive, shallow-marine 
carbonate sedimentation would occur around emergent 
archipelagos. Paleotidal modeling shows that such a 
broad, shallow platform would probably be microtidal, 
due to the great distance from the open ocean. In such 
a setting, strong tidal currents would occur only within 

small constrictions between islands, as shown by 
 modeling of the Bohemian Cretaceous Basin (Mitchell 
et al. 2010), or of the Lower Jurassic Laurasian Seaway 
(e.g. Luxembourg sandstones, P. Allison 2010, per-
sonal communication).

13.9  Summary

The astronomic tide that exists in the deep ocean basin 
is amplified as it propagates onto the continental shelf, 
and is transformed into a co-oscillating tide by com-
plex interactions with the shallow-water topography. 
Particularly pronounced tidal currents occur where 
there is tidal resonance in embayments and where there 
is local enhancement of tidal currents by a flow con-
striction as in seaways. Tidal currents are efficient in 
transporting sediments up to medium-grained sand to 

Fig. 13.29 Schematic diagram showing the range of tectonic 
basin types. In each type, changes in relative sea level cause a 
change in basin morphology, which in turn controls where and 
when tidal deposits will form. The arrows are oriented parallel 
to the mean tidal current. The flooding levels displayed corre-
spond to the extremes of long-term (first or second order), 
high-amplitude sea-level cycles. Drawing not to scale. Active 
and passive margins are displayed as adjacent to each other 
only for convenience. Examples: 1– Te Kuiti Group, New 
Zealand, Oligocene (Anastas et al. 1997, 2006); Hikurangi 
fore-arc basin, New Zealand, Pliocene (Kamp et al. 1988; 
Nelson et al. 2003); Cuyama transform margin, California, 
Miocene (e.g. Hoppie 1996). 2 Celtic Sea, Late Pleistocene 
(e.g. Bouysse et al. 1976); South China Sea, Late Pleistocene 

(e.g. Berné et al. 2002). 3 English Channel, Late Pleistocene to 
Holocene (e.g. Reynaud et al. 2003). 4 Southern North Sea, 
Holocene (e.g. Berné et al. 1994; Trentesaux et al. 1999); 
Yellow Sea, Holocene (e.g. Park et al. 2006); Greensand 
Seaway, Aptian (Yoshida et al. 2004; Wells et al. 2010). 5 
Perialpine Seaway, Burdigalian (e.g. Lesueur et al. 1988; Bieg 
2005). 6 North Sea rift basin (Scotland), Jurassic (Blackwood 
et al. 2004; Mellere and Steel 1996). 7 Bohemian Basin, 
Turonian (e.g. Mitchell et al. 2010). In 1, 5, 6 and 7, the main 
control on tidal sedimentation is the constriction of the tidal 
flow through a narrow passageway. The tidal range does not 
need to be large. In 2, 3 and 4, the main control is the increase 
in tidal amplitude, related to either an increase in tidal prism 
(embayments) and/or tidal resonance (shelf)
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depths of approximately 200 m. These currents can 
deposit large accumulations of well-sorted sand over 
large areas, and are responsible for the resuspension 
and redistribution large amounts of mud.

Interactions between various components of the 
tide, and with the seafloor and coastal morphology, 
cause the ebb and flood tidal currents to be unequal 
over large areas. These inequalities generate tidal-
transport pathways along which bedload can be trans-
ported for distances of tens to hundreds of kilometers, 
from high-energy erosional and by-pass zones, to lower 
energy areas of sediment accumulation. The sandy tidal 
sediments that accumulate in offshore areas are com-
monly coarser and less muddy than those deposited at 
equivalent depths on storm-influenced shelves.

The most significant offshore tidal sediment accu-
mulations are sand sheets and ridges. These deposits 
are made up predominantly of the crossbedded sand-
stone formed by tidal dunes, which can reach more 
than 10 m in height. Most of these bedforms are 

 compound dunes, and generate compound crossbed-
ding in which a single the master bedding and smaller 
cross beds dip in the direction of the residual trans-
port. Herringbone crossbedding can be present in 
small amounts, but mud drapes, reactivation surfaces 
and tidal bundles are not likely to be abundant. The 
ichnology of these deposits reflects the mobile sandy 
nature of the deposits, and the normal-marine salinity 
of the water.

Most sandy tidal-shelf deposits are transgressive in 
origin, with the sand supplied by erosion of the retreat-
ing coast or the offshore bedload parting area, and can 
rest on an offshore tidal ravinement surface that com-
monly cuts into older coastal deposits. This scour sur-
face can be amalgamated with a sequence boundary, or 
can be a more prominent distinct surface. The upper 
boundary of the offshore tidal deposit is expected to be 
a maximum flooding surface that reflects the decay of 
tidal currents in the course of a sea-level rise. The large 
size of some tidal dunes and tidal-current ridges means 

Fig. 13.30 Paleotidal modeling of the Burdigalian Peri-Alpine 
Seaway. The colors show the velocity of residual tidal circula-
tion and the arrows the tidal-transport pathways. The first pale-
otidal modeling of this system by Martel et al. (1994) 
demonstrated that the Swiss Molasse basin, which hosts offshore 
tidal deposits, would have been meso- to macrotidal only if the 
tidal wave entered the seaway from both the southwest and east-
ern ends. More recent work by Bieg (2005) showed that the two 

tidal waves had to be in phase to get the maximum resonance. 
The numerically determined current patterns and strengths show 
a relatively good agreement with the facies distribution and 
tidal-transport pathways reconstructed from the bedforms in SE 
France (e.g. Lesueur et al. 1988), Switzerland (e.g. Homewood 
and Allen 1981), Germany (e.g. Hülsemann 1955) and Hungary 
(e.g. Sztano and de Boer 1995) (After Bieg 2005). Inset map 
modified from Martel et al. 1994)
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that original topographic relief may be preserved on 
the top of offshore tidal deposits.

Shelf tidal sedimentation can, however, occur at 
any time during a relative sea-level cycle, whenever 
the sea level interacted with the paleogeography to cre-
ate embayments and straits that accentuated the tidal 
currents. Changes in coastal and shelf morphology that 
result from a change in relative sea level can cause dra-
matic changes in the strength of the tidal currents on 
rapid time scales. Paleotidal modeling has great poten-
tial to assist in understanding the complex temporal 
and spacial occurrence of shallow-marine tidal depos-
its in the rock record.
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