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9Open-Coast Tidal Flats

Daidu Fan 

9.1  Introduction

Tidal flats can be developed in numerous environments, 
like lagoons, embayments, estuaries, deltas, and coastal 
plains, ranging from sheltered environments to those 
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Abstract

Recent research advances highlight the importance of open-coast tidal-flat  
depositional system in both modern and ancient coastal environments. The system 
is unique in its wave- and tide-dominated physical setting, notably distinct from 
the tide-dominated barred tidal flats and the wave-dominated shorefaces. 
Interactions of waves and tides over different time scales produce not only cyclic 
morphologic variations in terms of erosion and deposition, but also rhythmic 
depositional units consisting of storm-generated sand-dominated layers (SDLs) 
and post-storm mud-dominated layers (MDLs). Ancient deposits of the open-coast 
tidal flats can be distinguished by abundance of storm-generated structures and 
scarcity of tidal-channel deposits from those of barred tidal flats, and by abundance 
of the structures created by combined flows or the interactions of waves and tides 
from those of (tidal) shorefaces. Difference is also remarkable between muddy 
and sandy open-coast tidal flats. Muddy open-coast tidal flats tend to develop 
along mega-river deltas and the adjacent chenier plains, have a general accretional 
convex-up profile with clear zonation, and produce aggradational fining-upward 
intertidal successions. Sandy open-coast tidal flats are common in the open-mouth 
estuaries of small rivers and the adjacent strand plains, usually develop an erosional 
concave-up profile with common presence of inner swash bars having the coarsest 
sediment near the high water, and produce coarsening-upward retrogradational 
successions. The vertical successions of sandy open-coast tidal flats generally 
contain more storm-generated beds volumetrically than those of muddy open-coast 
tidal flats. Notably, there are some accretional sandy open-coast tidal flats, lying in 
between the above two settings. A new spectrum of coastal morphodynamic 
settings is therefore proposed to change from the tide-dominated barred tidal flats, 
the wave-influenced and tide-dominated muddy open-coast tidal flats, the wave- 
and tide-dominated accretional sandy open-coast tidal flats, the wave-dominated 
erosional sandy open-coast tidal flats, to the wave-dominated tidal shorefaces.
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completely exposed to the coastal sea or the open 
ocean (Fig. 9.1). Rudolf Richter, a German paleonto-
logist, began the first systematic geologic studies of 
tidal flats along the German North Sea coast in the 
early 1920s. These studies were not only well carried 
on by his successors at the Senckenberg Institute but 
also rapidly spread out to the Netherlands, UK, and 
North America after the World War II (Ginsburg 1975; 
Middleton 1991; Klein 1998). Increased interest in 
fossil tidal deposits ignited comparative studies, and 
criteria for recognizing tidal-flat deposits were sum-
marized: (1) cross-bedding with evidence for current 
reversals, like herringbone cross-stratification, reacti-
vation surfaces, and mud couplets/drapes; (2) tidal 
bundles with evidence for tidal rhythms, e.g., diurnal, 
semilunar, and lunar cycles; (3) flaser and lenticular 
bedding in fining-upward successions (Middleton 
1991; Nio and Yang 1991).

The well-known criteria for tidal-flat deposition 
obviously bear their regional background of the 
Wadden Sea and the Bay of Fundy (e.g., Klein 1985; 
Dalrymple 1992; Boggs 2005), that are classified as 
sheltered tidal flats (Fig. 9.1). The Wadden Sea is the 
tidal-channel-flat complex separating the barrier island 
system from the mainland, which in turn connects with 
the North Sea through the tidal inlets between each 
two barrier islands (Ginsburg 1975; Davis et al. 1998). 
In the Bay of Fundy, tidal flats occupy the innermost 
part of the estuary, separating the outer erosion zone 

with elongate sand bars (Dalrymple et al. 1991). The 
sheltered tidal flats are characterized by the presence 
of tidal sand bodies (linear shoals or bars) at the lower 
intertidal zone or the subtidal zone, and delicate tidal-
channel systems cutting into the flats. Lateral migra-
tion of channel bars and/or high sedimentation rate in 
the sheltered settings are potential to produce rhythmic 
tidal-bundle successions or cyclic tidal rhythmites 
(Boersma and Terwindt 1981; Nio and Yang 1991; 
Dalrymple et al. 1991; Dalrymple 2010).

Over the past three decades, a deep passion has 
been intrigued toward finding tidalites with cyclic 
variations in bundle/lamina thickness, encoding tidal 
periodicities of neap-spring cycles, diurnal, fortnightly, 
and other longer inequalities (e.g., Boersma and 
Terwindt 1981; Kvale et al. 1989; Dalrymple et al. 
1991; Tessier 1993; Williams 1997; Coughenour et al. 
2009). The quantitative features (tidal periodicities) of 
the strata are significantly important in ascertaining 
their tidal origin, considering that most of qualitative 
features like flaser and lenticular bedding are not 
exclusive from non-tidal environments. The neap-spring 
periodicity of cyclic tidal rhythmites is also highly valued 
for reconstruction of the history of tides and lunar orbit 
throughout the geologic time from the Archean to the 
present (Coughenour et al. 2009). It is, however, note-
worthy that the preservation of cyclic tidal rhythmites 
requires special conditions like sheltered areas with 
high sediment and accommodation-space availability 

Fig. 9.1 Classifications of tidal flats and their relationships
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to achieve the continuous rapid deposition (Tessier 
1993; Greb and Archer 1995; Fan and Li 2002; Fan 
et al. 2004a, b; Dalrymple 2010). Cyclic tidal rhyth-
mites are therefore quite limited in their spatial and 
temporal distributions throughout the geological time 
(Davis et al. 1998).

Noncyclic tidalites are actually much more widely 
distributed than the cyclic tidal rhythmites, considering 
that most of tidal flats are not exclusive from wave 
impacts. The exposure to wave increases from tidal 
flats fringing open-mouth estuaries, deltas, to coastal 
plains, which are all referred as open-coast tidal flats in 
this context (Fig. 9.1). The recent studies highlight that 
the interaction of tides and waves is major mechanism 
for sediment transport and morphological and strati-
graphic formation on open-coast tidal flats (Allen and 
Duffy 1998; Li et al. 2000; Fan et al. 2004a, b, 2006; 
Lee et al. 2004). Moreover, some sandy open-coast 
tidal flats can be wave dominated (Yang et al. 2005; 
Dalrymple et al. 2006). The strata of open-coast tidal 
flats are characterized by containing a mixture of tide- 
and wave-generated sedimentary structures with a gen-
eral increase in the thickness ratio of storm deposition 
and tidal deposition as the wave exposure increases. It 
should therefore undoubtedly lead to misidentification 
of the open-coast tidal-flat deposition, if the pure tide-
depositional criteria were employed for facies inter-
pretation (Dalrymple 2010).

Open-coast tidal flats remained less studied until 
the current century, although they are much more 
widely distributed than the sheltered tidal flats along 
the world coast, and their importance for both modern 
and ancient tidal sedimentology has been highlighted 
since the mid-1970s (Klein 1975; Wang 1983; Ren 
1985; Wells et al. 1990; Fan et al. 2004a; Yang et al. 
2005). Several reasons account for the situation. Open-
coast tidal flats are majorly composed of fine-grained 
sediment with mud domination, which is usually  
considered less economically important for resource 
exploitation. Muddy open-coast tidal flats are princi-
pally distributed along the coasts of South and East 
Asia, Oceania, and South America, receiving gigantic 
volume of fluvial fine sediment (Figs. 9.2–9.4), which 
are less accessible to Western European and North 
American. Although Chinese scientists began pilot 
studies of tidal flats in the early 1960s (e.g., Wang 
1963; Li et al. 1965), most of their research results were 
published in Chinese (see a review given by Shi and 

Chen 1996), also unreadable to the western scientific 
community. Sandy exposed tidal flats are common 
along the open coast neighboring small river mouth, 
nourished by riverine sediment principally composed 
of coarse grains (coarse silt and sand), like the central 
west coast of Taiwan (Reineck and Cheng 1978), the 
southwest coast of Korea (Yang et al. 2005), the east 
and northwest coast of India (Mukherjee et al. 1987) 
and the northwest coast of Australia (Semeniuk 1981). 
They are also common in parts of Western Europe and 
North America, like the coast of the southwestern 
English Channel, the Irish Sea, and the Strait of Georgia 
in Canada (Hale and McCann 1982; Deloffre et al. 
2007; Yang et al. 2008a). The sandy open-coast tidal 
flats lie at a transitional ground between the tide-domi-
nated muddy open-coast tidal flats and wave-dominated 
shorefaces, and their affinity to wave dynamics and 
shoreface morphology makes them easy to be misinter-
preted as tidal beach. All of these may account for their 
having been much less studied until the present decade 
(Yang et al. 2005, 2008a; Dalrymple 2010).

There has been a rapid increase in publications on 
open-coast tidal flats since the beginning of the new cen-
tury. The topics cover all fields including hydrodynam-
ics, sediment- and morphodynamics, sedimentology, and 
stratigraphy, especially those in China and Korea (Li 
et al. 2000, 2005a; Chang and Choi 2001; Fan 2001; Fan 
and Li 2002; Fan et al. 2001, 2002, 2004a, b, 2006; Kim 
2003; Yang et al. 2005, 2006a, b, 2008a, b; Dalrymple 
et al. 2006; Gao 2009; Wang et al. 2009). In these 
studies, open-coast tidal flats have been highlighted as a 
major coastal setting, significantly different from the 
well-known sheltered tidal flats and tidal beaches. This 
chapter attempts to summarize these research progresses 
on open-coast tidal flats, cultiva ting a general sedimen-
tary model for future comparison studies of the systems.

9.2  Depositional Systems

Tidal flats are low-relief environments typically flank-
ing the coast of broad shelf with marked tidal rhythms 
(Fig. 9.2). Macrotidal conditions undoubtedly favor the 
development of extensive tidal flats, but they are also 
common in mesotidal to microtidal coasts (Eisma 1998). 
Sediment supply (source, flux, and size) and the magni-
tude of exposure to waves are two other key factors 
controlling tidal-flat morphology and sedimentology. 
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Fig. 9.2 Distribution of annual sediment discharge into the sea 
(millions of tons per year, modified after Milliman and Meade 
1983; Milliman and Syvitski 1992) and spring tidal range (m) 

along the world’s coasts (after Davies 1972). A: Yellow Sea,  
B: Taiwan Strait, C: Torres Strait, D: Arabian Sea, E: English 
Channel, F: Irish Sea, G: Strait of Georgia

Tidal flats are therefore classified into three major types: 
(1) back-barrier coast, (2) tide-dominated estuary/delta, 
and (3) coastal plain, with increasing wave exposure 
from low to high (Figs. 9.1 and 9.5).

Back-barrier tidal flats are referred to those occupy-
ing the landward side of barrier islands, spits, and bars, 
which serve as wave breakers (Fig. 9.5a, b). The back-
barrier area can be partly occupied by tidal flats like 
those in lagoons and wave-dominated estuaries, or 
entirely filled with the tidal channel and flat system 
like the Wadden Sea. All of them receive limited sedi-
ment input from land. Back-barrier tidal flats typically 
develop extensively along the North Sea coast, and the 
Atlantic coast of Europe and North America (Flemming, 
Chap. 10 in this volume), which are both trailing edge 
coast receiving limited fluvial sediment input. They can 
also develop along the leading edge coast receiving 
abundant sediment like the Pacific US coast (e.g., 
Alaska and North California).

Tidal flats fringing the tide-dominated estuaries/
deltas have varied magnitudes of wave exposure. Those 
are generally exempted from wave influence in the inner-
most part of the estuarine-deltaic system or in the estu-
aries having a guard (bottle-neck) shape (Fig. 9.5c). 

The outer part of the open-mouth estuaries and deltas 
are subject to wave impacts, especially during storm 
seasons (Fig. 9.5d–f). For example, wave influence is 
generally absent for the tidal flats in the inner part of the 
Xiangshan Bay deeply cutting into the land and Sanmeng 
Bay, while it gradually increases toward the baymouth. 
The straight coast of the highly filled Jiaojiang Estuary 
is completely open to the sea in the Zhejiang Province, 
central east of China (Fig. 9.6). In general, small river 
estuaries of tide domination usually foster sandy tidal 
flats because of limited fine sediment input from the 
rivers, except those receiving large volume of fine-
grained sediment from the adjacent mega-river deltas by 
alongshore transport, like the estuaries along the 
Zhejiang coast nourished by Changjiang-sourced sedi-
ment (Figs. 9.3 and 9.6). Therefore, sandy estuarine and 
strand plain tidal flats are commonly distributed along 
the coast of islands or peninsulas enclosing a broad and 
shallow strait or epeiric sea, where fine-grained sedi-
ment is generally exempted and macrotide is highly 
favorable owing to the morphological amplification, 
like the Yellow Sea, the Taiwan Strait, the Torres Strait, 
the Arabian Sea, the English Channel, the Irish Sea, the 
Strait of Georgia, and so on (Fig. 9.2).
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Fig. 9.3 Distribution of 
bottom sediment types and 
tidal flats that the coasts are 
surrounded directly by 
fine-grained deposits in light 
to dark yellow in the Bohai 
Sea, the Yellow Sea, and the 
East China Sea (After Li 
et al. 2005b)

Tidal flats flanking the coastal plains are directly 
open to the sea, thereby named as truly open-coast 
tidal flats (Dalrymple, pers comm 2010). Muddy and 
sandy open-coast tidal flats are generally linked to 
tide-dominated deltas/estuaries of large and small riv-
ers, respectively. Larger river deltas tend to foster 
wider (cross-shore) and longer (alongshore) muddy 
tidal flats bordering the extensive chenier plains. Muddy 
open-coast tidal flats are globally widely extensive, 
consi dering that most of mega-river deltas are tide 

dominated or under significant tidal influence, build-
ing up extensive Holocene chenier plains in the world 
(Fig. 9.2, Table 9.1). The two longest stretches of 
muddy open-coast tidal flats are linked to the river del-
tas of the Changjiang and the Amazon, respectively. 
North Jiangsu tidal flats stretch over 600 km long 
between the abandoned Huanghe Delta and the 
Changjiang Delta at a macrotidal setting (Figs. 9.2 and 
9.3, Wang et al. 2002). Guiana tidal flats extend over 
1,600 km long from the Amazon River Delta to the 
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Fig. 9.4 Distribution of tidal flats (migrating mudbanks) along the coasts of northwest South America (Guiana) from the Amazon 
River mouth to the Orinoco River Delta (After Eisma et al. 1991; Plaziat and Augustinus 2004)

Orinoco River Delta (Fig. 9.4) at a macrotidal-to-
mesotidal setting (Wells and Coleman 1981; Meade 
et al. 1985; Froidefond et al. 1988; Kineke et al. 1996; 
Baltzer et al. 2004). Sandy (truly) open-coast tidal flats 
are generally coexis ting with sandy estuarine tidal flats 
(Fig. 9.2), bordering the Holocene strand plains of var-
ied width (Reineck and Cheng 1978; Semeniuk 1981), 
or against the erosional Late Quaternary deposits or 
the rocky cliff (Thompson 1968; Semeniuk 1981; Yang 
et al. 2005).

Tidal flats are therefore classified into nine types in 
terms of coastal morphology (Figs. 9.1 and 9.5). They are 
in turn grouped into sheltered or exposed (open-coast) 
tidal flats on the basis of the magnitude of wave expo-
sure. So the open-coast tidal flats in this context include 
both the truly open-coast tidal flats (i.e., coastal-plain 
tidal flats) and the partially sheltered to highly exposed 
tidal flats fringing the outer part of open-mouth estuar-
ies and deltas (Fig. 9.1).

9.3  Physiography and Morphology

9.3.1  Tide, Wave, and Wind Climate

Strong tidal amplification occurs when tidal waves 
propagate into the broad and shallow shelf sea, conse-

quently raising tidal range shoreward. The extreme 
case to induce tidal bores takes place when tidal waves 
enter a funnel-shaped embayment rapidly narrowing 
and shoaling landward (Archer and Hubbard 2003). 
The world’s largest tidal bore occurs in the Hangzhou 
Bay, where the width of the bay decreases from 
~100 km across the baymouth to <20 km along the 
Ganpu transection, while the mean tidal range increases 
landward from <2 m at the baymouth to over 5.5 m 
near Ganpu (Fig. 9.7). Epeiric seas and funnel-shaped 
bays were considered to be more prevalent in the geo-
logic past, especially during the time of the supercon-
tinent Pangea (Archer 1998), so macrotidal coastal 
settings should be common at that time.

Tidal currents are usually rotary on the open off-
shore area, gradually changing into linear when tides 
propagate into the distributary/estuarine channels or 
toward the shore. Main flows of flood and ebb tides in 
the estuaries and deltaic distributaries are steered 
toward different directions because of the Coriolis 
effect, resulting in different current strength and depo-
sitional patterns along the two different banks. In the 
Hangzhou Bay, flooding flows are steered north, and 
the convergent flows strengthen the current toward the 
north bank, producing the erosional and narrow tidal 
flats, while ebbing flows are steered south, and diver-
gent and weakening flows favor developing the depo-
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sitional and wide tidal flats along the south bank 
(Fig. 9.7; ECCE 1992; Fan et al. 2005). Constrained 
flows in the main channels of estuaries and deltaic 
distributaries are usually shore-parallel and ebb domi-
nated, gradually changing into shore-normal direction 
and flood domination as they flow over the intertidal 
flats. Shore-normal tidal flow is generally quite weak 
due to limited tidal prism over the intertidal flats. The 
velocities of flood flows decrease from the subtidal 
zone to the upper intertidal flat owing to the shoaling 

effect. For example, the spring flood flow velocities 
decreased from 0.86 cm/s at a subtidal station (−2 m, 
elevation referred to Wusong Datum), 0.49 cm/s at 
0 m, to 0.35 cm/s at an intertidal station (+2 m) on the 
Nanhui Mudbank in the Changjiang Delta (Li 1990).

The open-coast tidal flats are highly exposed to 
wave impact, and they are potential to change from the 
tide-dominated setting temporally (a few hours to 
days) or seasonally into the wave-dominated setting, 
especially where they are highly affected by the 

Fig. 9.5 Thematic plots of tidal flats in the different coastal sys-
tems with varying sediment input and wave exposure (a–f). 1 – bar-
rier island, 2 – salt marsh, 3 – bare intertidal flat, 4 – lagoon, 5 – ebb 

tidal delta, 6 – flood tidal delta, 7 – rocky coast, 8 – tidal channel/
creek, 9 – rocky island, 10 – bay-head delta, 11 – tidal sand ridge/
bar, 12 – sand beach, 13 – gravel beach, 14 – chenier ridge
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monsoon climate (Harris et al. 1993; Li et al. 2000; 
Yang et al. 2005; Fan et al. 2006). During the longer 
calm-weather season, shallow-water waves can be 
greatly attenuated when propagating over the gentle 
and broad subtidal zone, and the attenuated waves 
finally die out without breaking over the intertidal flats, 
especially where present with fluid mud (Wells and 
Coleman 1981; Lee et al. 1997; Kim 2003; Fan et al. 
2006). Open-coast tidal flats can therefore be assigned 
as a tide-dominated or mix-energy tide-dominated 
coastal setting on the basis of Davis and Hayes’ (1984) 
model (Fig. 9.8). While entering the storm season, 

rough seas generated by single events of tropical 
storms or winter cold fronts commonly sustain a few 
hours to days. They may also continue for a few weeks 
when more than two storms occur one after another. 
The open-coast tidal flats are consequently shifted into 
a mixed-energy wave-dominated or wave-dominated 
coastal setting for a few hours to weeks during the 
storms (Fig. 9.8). For example, the mean wave height 
on the Baeksu coast (SW Korea) is 0.5–1.0 m in sum-
mer, drastically elevated to 2–3 m in winter (Kim 2003; 
Yang et al. 2005), accounting for the development of 
typical depositional pattern “summer tidal flat – winter 
shoreface” (in the paper title of Yang et al. 2005).

In short, the open-coast tidal flats are generally 
characterized by large tidal range, weak shore-normal 
tidal flow, and high exposure to waves. These typical 
physical dynamics are conceived to develop the  
unique sedimentology and morphology of the open-
coast tidal flats.

9.3.2  Landforms and Zonation

Tidal flats in this context are not limited to the inter-
tidal zone, but also include supratidal and subtidal 
zones. The zonation can be generally defined: (1) by grain 
size into muddy, mixed, and sandy flats; (2) by vegeta-
tion into bare and vegetated flats; and (3) by tidal level 
into supratidal, intertidal, and subtidal flats. The inter-
tidal flats can be further divided into upper, middle, and 
lower subdivisions (Fig. 9.9). However, the zonation 
boundary is quite varied among the different criteria of 
grain size, vegetation, and tidal level, and a worldwide 
zonation can only be distinguished by tidal levels 
(Amos 1995; Eisma 1998). Here we describe the zona-
tion of tidal flats in a synthetical way instead of using 
single criteria, also considering the difference between 
muddy and sandy open-coast tidal flats.

The supratidal and the upper parts of intertidal flats 
are usually covered with vegetation, characterized by 
extraordinarily gentle relief, fine-grained deposits 
principally consisting of clay and fine silt, and higher 
concentration of organic matter. The canopies can be 
salt-marsh plants in the temperate zone like the Jiangsu 
and Zhejiang coast in China (Ren 1985; Wang and 
Eisma 1988, 1990; Fan et al. 2004a), and mangroves in 
the tropical zone like the Guiana coast (Fig. 9.10; 
Plaziat and Augustinus 2004), the northwest Australia 
coast (Semeniuk 1981), and the coast of the Gulf of 
Papua (Allison and Lee 2004; Walsh and Nittrouer 2004).  

Fig. 9.6 Satellite photo of central-east Zhejiang coast showing 
the development of different tidal flats in the estuaries or embay-
ments: (a) Xiangshan Bay, partly filled type with narrow bay-
mouth and “¬” shape; (b) Sanmeng Bay, partly filled type with 
relatively narrow baymouth and gourd shape; (c) Jiaojiang 
Estuary-Taizhou Bay, highly filled coastal plain type with a wide 
baymouth and straight coastline They are typical representa-
tive for the three major estuarine tidal flats in the classification 
lists of the Fig. 9.1
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In some dry regions, the higher part of tidal flats 
support only scant vegetation where salt pans can be 
well developed with sediment having higher concen-
tration of evaporate minerals, like the Colorado Delta 
in the Northern Gulf of California (Thompson 1968, 

1975; Meckel 1975). The vegetated flats usually grade 
landward into deltaic/chenier plains with little relief, 
which range from a few 100 m to over tens of kilometers 
in width, depending on the sediment supply. For example, 
the Holocene North Jiangsu coastal plain is more than 

Table 9.1 Delta class for the 16 largest rivers with annual sediment load larger than 100 million tons (based on data of Milliman 
and Syvitski 1992)

Rank River Country
Sediment load  
(million tons/year)

Spring tidal  
range (m) Delta class

1 Amazon Brazil 1,200 4.9 T
2 Huanghe (Yellow) China 1,100 1.13 R to R/W
3 Ganges-Brahmaputra Bangladesh 1,060 3.63 T
4 Changjiang (Yangtze) China 480 3.66 T
5 Mississippi USA    400(210)a 0.43 (M) R to R/W
6 Irrawaddy Burma 260 2.71 T
7 Indus Pakistan    250(59)a 2.62 T/W
8 Magdalena Colombia 220 1.1 R/W
9 Godavari India 170 1.2 W
10 Mekong Vietnam 160 3.2 T/W
11 Orinoco Venezuela 150 1.77 W/R/T
12 Song Hong (Red) Vietnam 130 3.2 T-W
13 Narmada India 125 9.0 (Max) T
14 Colorado USA    120(0.1)a 8.0 (Max) T
15 Nile Egypt    120(0)a 0.43 W
16 Fly PNG 115 3.8 T
a400(210): sediment load before and after river damming
M mean tidal range, Max maximum tidal range, R river-dominated, T tide-dominated, W wave-dominated, T-W subequal wave and 
tidal domination, R/W river-dominated and wave-modified, PNG Papua New Guinea

Fig. 9.7 Distribution patterns 
of mean tidal range, major 
tidal flow tracts  
in the Qiangtangjiang 
Estuary-Hangzhou Bay
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60 km wide on average (Figs. 9.11 and 9.13), and the 
Holocene Guiana coastal plain ranges from 10 to 
100 km wide with an average of ~30 km (Figs. 9.4 and 
9.14, Rine and Ginsburg 1985; Allison et al. 1995a). In 
some sediment-starved coasts, the supratidal flats are 
narrow or even absent, bordering directly on the rocky 
hills like those along the Korean coast (Alexander et al. 
1991; Yang et al. 2005).

The transition from the vegetated to the bare flats 
can be smooth or drastic with erosional cliff or chan-
nels. The mangrove land is usually surrounded by deeply 
cut tidal channels or cliffs (Semeniuk 1981; Plaziat 

and Augustinus 2004). A smooth transition generally 
occurs ahead of the accretional salt marshes, while 
recessional salt marshes tend to have an erosional 
escarpment at the front. Swash bars can be developed 
at the salt-marsh front on both accretional and reces-
sional flats, resulting from wave breaking when storm 
waves ride on the high tides. On the Chongming 
Eastern Flat (Changjiang Delta), an accretional and 
smoothly transitional profile is favorable during weak-
wave conditions (Fig. 9.12a), while it is replaced by 
the presence of erosional escarpment, scouring ponds, 
and swash sand sheets/bars consisting of coarse 

Fig. 9.8 Open-coast tidal flats shifting temporally from tide-dominated or mix-energy (tide-dom.) to wave-dominated regimes for 
a few days to weeks during summer/winter storms (Adapted from Davis and Hayes 1984)

Fig. 9.9 Schematic map showing the cross-profile variations of tidal-flat morphology and sedimentology from the supratidal flats 
to the subtidal zones
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 sediment and abundant shell debris during storm 
 climates (Fig. 9.12b–f). Swash bars are conceivably 
the embryo of chenier ridges, which potentially develop 
into full chenier ridges if the processes continue for a 
longer term (over tens of to hundreds of years). Older 
chenier ridges are typically common on the extensive 
Holocene coastal plains abutting mega-river deltas, 
conceivably resulting from the long-term alternations 
of erosion (producing chenier) and accretion (deposit-
ing mud) linked to the secular fluctuation of river sedi-
ment discharge or shifting of the river main channel 
(Figs. 9.13 and 9.14, Rine and Ginsburg 1985; Liu and 
Walker 1989; Wang and Ke 1989; Eisma 1998).

Across the bare intertidal and subtidal flats, muddy 
and sandy open-coast tidal flats tend to have different 
cross-shore profiles and sediment distribution patterns. 
Muddy open-coast tidal flats usually have an accre-
tional, convex-up cross-shore profile. The transition 
between the intertidal and the subtidal flats is generally 
smooth without a discernible relief, except those drop 
into the estuarine or deltaic-distributary channels with 
a higher slope (e.g., Ren 1985; Wang and Eisma 1988, 
1990; Frey et al. 1989; Wang and Ke 1997; Fan et al. 
2004a; Plaziat and Augustinus 2004, Figs. 9.9–9.11). 
Sediment on the accretional flats tends to be coarsest 
near the mean lower water springs, gradually fining 
landward and seaward from there. The intertidal zona-

tions are roughly displayed with the lower sandy flat, 
the middle mixed (sand-mud) flat, and the upper muddy 
flat (Table 9.3). The zonation pattern was clearly shown 
by the surficial sediment distribution on the North 
Jiangsu tidal flats, typically along the rapid deposi-
tional section from Sheyang to Dafeng (Fig. 9.11; 
Wang and Ke 1997). On the central west coast of Korea 
where the estuarine/embayment tidal flats are well 
developed with mediate to high wave exposure, surfi-
cial sediment generally coarsens from fine silt/clay at 
the upper intertidal flats to coarse silt/fine sand at the 
lower intertidal flats (Frey et al. 1989; Alexander et al. 
1991). It is noteworthy that the Guiana muddy tidal 
flats have the finest deposition mainly composed of 
silty clay (Table 9.3), showing little trend variations in 
grain size across the entire mudbank from the inter-
tidal to the subtidal zones (Fig. 9.10, Rine and Ginsburg 
1985; Allison et al. 1995a, b; Lefebvre et al. 2004).

Sandy open-coast tidal flats tend to have a concave-
up cross-shore profile, commonly with very low 
(<1–2 mm year–1) or even negative sedimentation rates 
(Semeniuk 1981; Hale and McCann 1982; Yang et al. 
2005). The sandy lower intertidal flat is ordinarily very 
gentle and broad, but the seaward end is commonly 
bordered by ridge and runnel systems with significant 
undulations. The ridges are commonly shore-parallel 
with the crest-to-trough height of several decimeters to 

Fig. 9.10 Block diagram showing the zonations (including 
mangrove) and the shape of a shifting mudbank along the coast 
of Guianas (After Plaziat and Augustinus 2004). The intertidal 

area of the largest mudbanks is about 20–40 km long (along-
shore) and 2–5 km wide
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2–3 m, which are conceived to be generated like swash 
bars/ridges on the beach (Reineck and Cheng 1978; 
Yang et al. 2005). The sandy lower intertidal flat is 
landward continuous either with a gentle sand-mud 
middle intertidal flat and a mud upper intertidal flat for 
the accretional open coast like that on the central west 
coast of Taiwan (Reineck and Cheng 1978), or with a 
narrow inner slope like that on the coast of the 
Parksville Bay in the Strait of Georgia, Canada (Hale 
and McCann 1982), or with the inner swash bar/ridge 
and the inner muddy flat behind the bar/ridge like that 
on the southwest coast of Korea. The inner swash bar/
ridge can be initially formed at the middle intertidal 
ground, migrates landward intermittently driven by 

seasonal storm events, and is finally welded to the 
coast as a part of the strand plain (Lee et al. 1994; Yang 
et al. 2005, 2008a; Ryu et al. 2008). The intertidal surf-
icial sediment distribution has generally a landward-
fining trend for the sandy open-coast intertidal flats 
without inner swash bar, similar to that of muddy open-
coast tidal flats. However, a reverse trend, i.e., a land-
ward-coarsening tendency except the inner muddy flat, 
is founded for those developing the inner swash bar 
composed of the coarsest sediment, which is highly 
mimic to the shoreface (Yang et al. 2005).

Tidal-channel networks are generally not much 
developed or event absent on the open-coast tidal flats 
in comparison with their delicate development on the 

Fig. 9.11 Sediment distribution pattern for the extant tidal flats rimming the extensive Holocene coastal (chenier) plain of Jiangsu 
Province, China (After Wang and Ke 1997)
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barred tidal flats (Frey et al. 1989; Wells et al. 1990; 
Alexander et al. 1991; Fan et al. 2004a; Yang et al. 
2005). This is typically true for non-estuarine open-
coast tidal flats, where the flats are exposed directly to 
the open sea. In the open-mouth estuaries, the main 
channels usually run parallel or oblique to local shoreline, 

but their landward branches are highly potential to cut 
deeply into the tidal flats, typically for those in the 
inner, less-exposed part of the estuaries. Although tidal 
channels are less developed on the bare flats, the broad 
vegetated flats tend to have tidal-creek networks as 
intricate as those on the sheltered tidal flats (Ren 1985; 

Fig. 9.12 Photos showing different morphologic and sedi-
mentary features at the transitional zone between the salt 
marsh and the bare flats: (a) a gradual transition profile with 
soft muddy deposits on the flats, denoting accretion; (b) the 
erosion cliff of several centimeters high at the front of the salt 

marsh; (c) small erosion ponds on the salt-marsh land; (d) erosion 
remnant patches of partly consolidated salt-marsh deposits; 
(e) abundance of mud pebbles and shell debris on the erosion 
remnant patches; (f) swash sand sheet over the salt-marsh 
land
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Fig. 9.13 The distribution of the chenier-ridge series on the coastal plain in East China (After Liu and Walker 1989)

Fig. 9.14 Sketch map of the Surinam coastal plain showing the 
three-phase sedimentation units, separated by extensive chenier-
bundle series denoting erosion phases (upper panel), and the 

relationship of regional sea-level fluctuations with alternations 
of accretion and non-deposition (erosion) phases during the 
Coronie Formation (lower panel, after Augustinus 2004)
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Froidefond et al. 1988; Wang and Eisma 1988; Frey 
et al. 1989; Wells et al. 1990; Alexander et al. 1991; 
Zhang and Wang 1991; Eisma 1998; Fan et al. 2004a). 
On the Chongming Eastern Flats, the extensive salt-
marsh land accommodates more than 20 tidal-creek 
dendritic networks (Fig. 9.15a). The larger the drain-
age basin, the more complicate the creek  
network. Small creeks usually terminate near the salt-
marsh front, because the stability of creek banks decreases 
without protection by the vegetation and the slowing 
weak flows lose power to encroach the flats as the channel 
width increases toward the bare flats (Fig. 9.15b). Only a 
few large creeks continue their course on the bare flats 
from the marshland to the sea (Fig. 9.15a). The bare-flat 
channels are commonly shallow, muddy, and intermit-
tent. They are potentially widened by big waves typically 
during storm or/and increasing flows during spring tides 
or heavy raining days (Fig. 9.15c–e), while they can be 
silted during small tides and waves. The tidal creek/
channel system is therefore mainly functioned as a drain-
age network collecting and funneling water back to the 
sea during ebb tide, and flood current is less constrained 
by the shallow channels. Fine sediment dominates the 
creek/channel floor with frequent presence of fluid mud 
draining from the adjacent flats after exposure (Fan et al. 
2004a).

In general, muddy and sandy open-coast tidal  
flats tend to have an accretional, convex-up and 
recessional, concave-up profile, respectively, which 
has been considered to be common morphodynamic 
features of tidal flats (Kirby 2000). The smoothed 
open-coast tidal flats are less dissected by tidal chan-
nels, conceivably linked to rotary current pattern, 
weak shore-normal component, and strong wave 
action. The most obvious relief over the entire tidal 
flats is the presence of inner and outer swash bars/
ridges near the mean higher and lower water level, 
produced by storm waves during high tides and low 
tides, respectively. They are permanent or mobile, 
migrating landward intermittently driven by storm 
waves. The zonation pattern of intertidal sediment 
distribution is marked on the muddy open-coast tidal 
flats with a fining-landward trend, while it becomes 
blurry toward the sandy open-coast tidal flats. The 
latter potentially resembles the tidal beach in terms of 
a general coarsening-landward tendency and well-
developed swash bars/ridges, occupying a transitional 
position between muddy open-coast tidal flats and 
tidal beach (Yang et al. 2008a; Dalrymple 2010).

9.4  Morphodynamics and Sediment 
Dynamics

9.4.1  Erosion and Deposition Cycles

The primary forces shaping intertidal flats are tidal cur-
rents and wind-induced waves. Waves are consi dered to 
be important for sediment suspension and currents for 
sediment advection. The interactions of waves and tides 
determine the magnitude and direction of sediment flux, 
and the resulting erosion and deposition are significantly 
site-specific over a small temporal scale ranging from a 
few minutes (wave frequency) to a few days (periods for 
intense waves/swells by meteorological events like 
tropical and subtropical storms). Intermediate erosion/ 
deposition erosion cycles are mainly related to neap-
spring cycles and seasonal alternations of wind and 
wave climate. Longer-term (decades to millennia) 
cycles of erosion and deposition are envisioned to take 
place over a larger spatial scale like the entire coastline 
of single deltas/estuaries or coastal basins. The super 
cycles are conceivably linked to longer-term variations 
in sediment supply (basin climate controlling), delta-
lobe switching or the main channel shifting from one 
distributary to another, secular variations in sea-level 
change, and long-term sea wave climate change.

The short-term natural behavior of tidal flats can be 
monitored directly through the bed-level measurements 
or deduced indirectly through high-frequency measure-
ments of waves, currents, and suspended sediment 
concentrations (SSC) during tidal inundation (Green 
et al. 1997; O’Brien et al. 2000; Lee et al. 2004; Thomas 
and Ridd 2004; Talke and Stacey 2008). Bed-level 
measurements are generally made during tidal expo-
sure through using graduated stakes/poles, sediment 
erosion table (SET), and buried accretion plates, and 
sampling intervals usually vary from a single tidal cycle 
to 1 month (O’Brien et al. 2000; Thomas and Ridd 
2004; Fan et al. 2006). Recent technical advances make 
it possible to monitor bed-level changes continuously 
during tidal inundation by employing acoustic trans-
ducer or submarine video camera (Christie et al. 1999; 
O’Brien et al. 2000; Thomas and Ridd 2004; Deloffre 
et al. 2007). Longer-term erosion/deposition cycles can 
be studied by the collection and comparison of the dif-
ferent-age satellite/aero photos or historical maps/
charts. Dated sedimentary cores and chenier-ridge series 
are useful evidence for centennial to millennial cycles.
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Fig. 9.15 (a) A satellite photo showing tidal creek/channel net-
works on the Chongming Eastern Flat in the Changjiang Delta, 
and the locations of the photos (b–e) taken and the elevation-
monitoring stakes. (b) A tidal creek terminated near the bound-
ary of the vegetated and bare flats. (c) A tidal creek continuing 

its course on the bare flat to the sea during spring tides or heavy 
raining days; (d) the shoal blocking the marsh creek dissected by 
head erosion due to increased creek discharge during spring 
tides with heavy raining. (e) A channel on the bare flat being 
widened by storm waves
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Fig. 9.16 Variation in hydrodynamic and morphodynamic 
processes within a tidal cycle on the Skeffling intertidal flat 
(Humber Estuary, UK) during the calm (a and c) and stormy 

(b and d) conditions. 
c
, the critical shear stress of sediment, 

was set to 0.3 N m–2. Erosion occurs when 
b
 > 

c
 (After Christie 

et al. 1999)

9.4.1.1  Short-Term Cycles  
(A Few Minutes to Days)

The interactions of tides and waves over a tidal cycle 
are fundamental processes and mechanisms to induce 
deposition and erosion on the open-coast tidal flats. 
Bottom shear stress is the important parameter to 
assess the deposition and erosion of sediments (e.g., 
Christie et al. 1999; Le Hir et al. 2000). Over the inter-
tidal flats, purely tide-induced stresses are generally 
low to trigger significant erosion, while wave-induced 
stresses are much higher due to their orbital movement 
character. It has been widely acknowledged that even 
presence of small waves potentially enhances erosion 
of the surficial sediment significantly (Anderson et al. 
1981; Christie et al. 1999; Le Hir et al. 2000; Lee et al. 
2004). Enhanced erosion by large waves was nicely 
described by a comparison study of Christie et al. (1999) 
on a semi-closed and mega-tidal mudflat in the Humber 
Estuary (UK) with the average tidal range of ~6 m. The 
bed shear stresses (

b
) of combined flows and waves 

were highly elevated toward the large-wave condition, 
producing several centimeters of erosion, which is 
strongly contrastive with a few millimeters of accre-
tion during the small-wave condition (Fig. 9.16a, b).

The difference is highly outstanding between wave 
and tide processes over a tidal cycle. Tidal currents and 
tide-induced bottom stresses decrease landward from 
the lower intertidal flats, and drop to nearly zero at the 
high, slack tide. However, waves and wave-induced 
bottom stresses are significantly strengthened by the 
increased water depth during the rising tide owing to 
the relationship between wave height and water depth 
(Green et al. 1997; Le Hir et al. 2000).

So peak waves and the related processes hypotheti-
cally attain at high tide for any given location at the 
intertidal flats, and the slack (quiet) condition is conse-
quently detained at high tide by the presence of large 
waves (Christie et al. 1999). The phenomena were 
clearly shown by the variations in uc  value (mean sus-
pended sediment flux, the product of mean current 
velocity and mean concentration of suspended sedi-
ment). The curve was flat with roughly zero value over 
approximately 1.5 h at high tide during small-wave 
condition (Fig. 9.16c), but was drastically replaced by 
a seesaw curve section during large-wave condition 
(Fig. 9.16d, Christie et al. 1999).

The shallow wave-break/swash zone should shift 
several 100–1,000 m landward and seaward over a 
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tidal cycle under the storm climate, violently disturb-
ing the intertidal morphology over a wider area (Mao 
1987; Shi and Chen 1996; Fan et al. 2006). The wave-
break zone tends to stall respectively at low and high 
water line for longer time, hypothetically accounting 
for the development of inner and outer swash ridges as 
discussed in the former section.

Episodic high-energy events occur infrequently, but 
are the fiercest force to produce marked erosion and 
deposition cycles on the tidal flats. A large wave or 
storm event usually lasts several hours to days, so the 
resulted tidal-flat erosion and deposition pattern should 
be revealed only by a finer time scale than the life cycle 
of the events. Considering the complex interactions of 
waves and tides and a philosophy that a finer time scale 
tends to have a smaller spatial attribute, the episodi-
cally induced erosion/deposition phenomena should 
therefore be examined over a finer spatial scale. 
Following this, an experiment was carried out along a 
cross-profile on the Nanhui Mudbank (Changjiang 
Delta) in 1999, through using graduated-stake eleva-
tion-monitoring technology (Fan 2001). Sixty-two 
stakes were fixed on the intertidal ground with a dis-
tance of 30–50 m between two neighboring stakes, and 
they were regularly monitored every single or 2 days. 
The result shows that net erosion switches on when 
waves exceed 1.5 m high during non-typhoon condi-
tions (Fig. 9.17). Serious erosion occurs during peak 
storm periods with a maximum of >15 cm deflations 
over two to four tidal cycles at some locations (Fan 
2001). There are generally existent two erosion zones 
separated by the accretional zone. It was hypothesized 
that the erosion and the deposition zones were respec-
tively produced by series of wave breaking and reform-
ing processes over the gentle and broad mudflats 
(3.4 km wide across entire intertidal zone with a mean 
tidal range of 2.6 m) before the wave was dying out 
(Fig. 9.18, Fan et al. 2006). The sites of erosion or 
deposition change alternatively into deposition or ero-
sion over a next few tidal cycles (Fig. 9.17), denoting 
the same mechanism that waves tend to break over the 
previous deposition zones because of shoaling and 
produce new erosion zones, and vice versa for the pre-
vious erosion zones which turn into wave-reforming 
area to promote deposition.

9.4.1.2  Intermediate Cycles (Neap-Spring 
Tidal Cycle to Season)

The modulation effect of large-wave processes by tides 
is significantly different over a single tidal cycle and 

the neap-spring cycle, exerting great impacts on the 
tidal-flat development. Tide modulation of storm 
waves was clearly exhibited by the hydrodynamic data 
from a field experiment on the Baeksu tidal flats (south-
west Korea) in February 1999, where the semidiurnal 
tidal range varies from 2.3 m at neap to 5.5 m at spring 
with a mean of ~3.9 m (Kim 2003). The instrumenta-
tion system to monitor wave and current was deployed 
on the lower intertidal flats for 2 weeks, catching two 
invading winter storms with main wind direction 
toward the shore. The first storm was stronger than the 
second in terms of maximum wind speed (~18 m/s vs. 
~14 m/s). However, the storm-induced waves were 
larger for the second (weaker) storm than the first 
storm in terms of the maximum significant wave height 
(3 m vs. 2 m). The discrepancy of weaker storm gene-
rating larger waves is actually ascribed to the wave-depth 
relationship, in that the occurrence of weaker storm at 
spring tide tends to allow larger waves penetrate into 
the intertidal flats because of higher water depth rising 
by spring tide, whereas neap tide is potential to damp 
storm energy more seaward (Kim 2003).

The fact that the intensity of storm-related processes 
is greatly modulated by the neap-spring cycle was also 
addressed by Fan et al. (2006) in terms of the erosion 
magnitude and the distribution of erosion zones across 
the intertidal flats at the Nanhui Mudbank. They dis-
cussed that a weaker storm at spring tides was poten-
tial to induce more intense erosion than a stronger 
storm at neap tides (Fig. 9.18). It is not only due to the 
higher wave energy and the related mightier vertical 
scouring capability at spring tides than at neap tides 
which are determined by water depth as discussed 
above, but also linked with the higher spring current 
speed and the related mightier horizontal advection 
capability than neap tides. Consequently, more sedi-
ment is suspended and carried out of the erosion zone 
by the combined action of storm waves and currents at 
spring tides than at neap tides, producing higher mag-
nitude of the erosion.

Seasonal alternations of accretion and erosion are 
the most significant and widely addressed features  
of the tidal flats (Ren 1985; Shi and Chen 1996; 
O’Brien et al. 2000; Yang et al. 2005; Fan et al. 2006; 
Yang et al. 2008b). The processes leading to this peri-
odic development are principally related to seasonal 
wind climate change, and less to other factors like 
changes in tidal level, floral and faunal distributions, 
solar intensity, and estuarine turbidity maximum loca-
tion. The Baeksu tidal flat in southwest Korea has more 



2059 Open-Coast Tidal Flats

frequent and intense storms in winter than in summer, 
and the resulting seasonal cycles of erosion and depo-
sition are highly contrasting with summer accretional 
and muddy profile of a normal tidal flat and winter  
erosional and sandy profile resembling a shoreface 
(Yang et al. 2005).

Most of the subtropical coast is actually subjected 
to both summer and winter storms. On the Chongming 
Eastern Flat (Fig. 9.15), the tidal-flat elevation surveying 

data showed that the bare flats underwent erosion both 
in summer and winter (Fig. 9.19). The bare flats were 
lowered by a few decimeters during sporadic typhoon 
strikes, and the same magnitude of deposition usually 
took place soon after the erosion events in summer. By 
contrast, the winter erosion season began in mid-
October with sharp erosion of a few decimeters, and 
followed with light erosion throughout late March.  
It lasted for more than 5 months before entering a gradual 

Fig. 9.17 Short-term (1–2 days) variations in bed level of the 
intertidal flat in the Changjiang Delta (China) over a relatively 
calm period June 21–25 in 1999 (a–d) and a stormy period July 
23–30 in 1999 (e–g), respectively. Individual stake measurement 
data were analyzed by three point adjacent average to generate a 

smoothed curve, representing a general trend of erosion and 
deposition across the profile. Different sub-zones of the intertidal 
flat had different erosion/accretion trends in response to waves. 
Mean changes in bed level over the different sub-zones were cal-
culated and marked in the figures (After Fan et al. 2006)
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accretion season. It is noteworthy that the salt-marsh 
land underwent continuous slight accretion throughout 
the monitoring period, reasonably linked to the protec-
tion by the salt-marsh canopy (Fig. 9.19).

The shoreline strike can play important role in the 
seasonal cycle development owing to the selecting 
effect of onshore and offshore wind. Along the north 
bank of the Hangzhou Bay (Fig. 9.7), the east-west ori-
entation shoreline makes the tidal flats sensitive to 

summer tropical storms with onshore wind domina-
tion, whereas sluggish to winter storms with offshore 
wind domination. This was clearly exhibited by the 
alternations of the summer sandy erosional flats and 
the winter muddy accretional flats (Fig. 9.20, Yang 
et al. 2008c).

Seasonal cycles are also the most outstanding mor-
phodynamic action on the Guiana open-coast tidal 
flats. The Guiana tidal flats differ from others by their 

Fig. 9.18 Schematic models 
showing intertidal 
morphodynamic processes 
and sediment transport 
patterns under different wave 
and tidal regimes: (a) small 
waves, (b) large waves and 
neap tides, (c) large waves 
and intermediate tides,  
(d) large waves and spring 
tides (After Fan et al. 2006)
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Fig. 9.19 Seasonal variations in bed level of the salt-marsh 
land and the bare intertidal flats along a northern transect of 
the Chongming Eastern Flat in the Changjiang Delta. Four 
groups of elevation-monitoring stakes (GS-36, 37), (GS-15, 16), 

(GS-18, 40, 50), and (GS-21, 22) are positioned at the 
lower salt marsh and the upper, middle, and lower bare inter-
tidal flats, respectively. See their detailed locations in 
Fig. 9.15a

Fig. 9.20 Daily variations in bed level and grain size of surface sediment at a fixed station on the middle intertidal flat along the 
north bank of Hanzhou Bay. The dash line denotes the division between sand and mud at 63 m (After Yang et al. 2008c)
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typical longshore migration instead of cross-shore 
evolution (Wells and Coleman 1981; Froidefond et al. 
1988; Eisma et al. 1991; Augustinus 2004). There are 
totally 20–25 mudbanks along the coast of the Guianas 
(Fig. 9.4), and each is generally 10–40 km in length 
and several tens of kilometers in width extending gently 
from the shore to nearly 20-m isobaths (Fig. 9.10). The 
mudbanks migrate westward, driven by the alongshore 
current and northwest wind waves generated by trade 
winds. The mudbank migration is completed by depo-
sition at the leading (western) edge and erosion at the 
trailing (eastern) edge, which is highly related to the 
attenuation of the incoming waves significantly by 
presence of fluid mud at the leading edge or less by 
presence of the compacted clay deposits at the trailing 
edge (Fig. 9.10, Wells and Coleman 1981; Allison and 
Lee 2004). The mudbanks migrate downdrift at mean 
rates of 0.9–1.5 km year–1 (Froidefond et al. 1988; 
Eisma et al. 1991). Over an annual interval, the windy 
season from January to April accounts for major sedi-
ment exchange between the trailing and the leading 
edges, producing the most rapid mudbank migration. 
The annual sediment exchange from the trailing to 
leading edges along the entire 1,400-km-long Guiana 
coast adds up to an amazing figure, approximately 
equal to the average input of new sediment from the 
Amazon (Allison and Lee 2004).

9.4.1.3  Long-Term Cycles  
(A Few Years to Decades)

Long-term cycles of tidal-flat developments are com-
monly envisioned along the deltaic plains/coastal 
plains, where the shoreline can change rapidly and 
vastly with a few kilometers or more in a few decades, 
driven by different mechanisms. Coastal development 
of the Nanhui Mudbank in the Changjiang Delta was 
analyzed by using time series of nautical charts from 
1842 to 2004 (Fig. 9.21). It was shown that net erosion 
occurred during the two periods of 1842–1864 and 
1911–1958, alternating with two deposition periods of 
1864–1911 and 1958–2004. A general erosion/deposi-
tion pattern of the mudbank can be summarized as 
“accretion at the eastern flat with erosion at the south-
ern flat (smaller area)” in the net-deposition periods, 
and vice versa in the net-erosion periods (Fig. 9.21). It 
is presumed to mainly result from the coincident shifting 
of the Changjiang’s main channel away (erosion) or 
toward (deposition) the mudbank. Another pattern was 
also noted as “accretion at the higher flat (above −2-m) 

and erosion at the lower flat (below −2-m)” in the 
net-deposition periods, especially during 1864–1911, 
whereas a reversed pattern of “erosion at the higher flat 
and accretion at the lower flat” occurred in the net-
erosion periods, especially during 1842–1864 
(Fig. 9.21). The alternations of erosion and deposition 
phases between the higher and lower flats were pre-
sumably linked to multi-decadal alternations of the 
frequency of intense tropical storms. In other words, 
the coastal morphology tends to preserve the storm-
induced profile in terms of “erosion at the higher flat 
and accretion at the lower flat” in the stormy decades, 
whereas the normal-wave morphology with “the higher 
flat accretion vs. the lower flat erosion” is cumulatively 
present in the relative calm decades (Huo et al. 2010).

The multi-decadal variations in the Guiana coast-
line are produced by its typical alongshore migration 
of series of the mudbank and the interbank units, which 
continuously pass through a given location (Fig. 9.22). 
The mudbanks migrate with an average rate of 
1.5 km year–1 along the Surinam coast, and the average 
alongshore width is 45 km for each geomorphologic 
unit including a mudbank and the neighboring inter-
bank area (Fig. 9.10). It is therefore estimated a roughly 
30-year cycle of erosion and deposition along the 
Surinam coast (Augustinus 2004). Due to huge sedi-
ment input from the Amazon, a net coastal-plain 
growth is generally produced after each mudbank-
interbank cycle (Fig. 9.22, Allison and Lee 2004). It 
was noteworthy that the comparison studies using his-
torical maps and Holocene core data demonstrated the 
difference between the present and Holocene sedimen-
tary processes of the mudbanks. The present, roughly 
30-year cycle of high rates of accretion and erosion 
associated with the mudbank migration extended at 
least as far back as the last two and a half centuries, but 
the beginning of this cycle is still uncertain (Plaziat 
and Augustinus 2004).

There was reported to exist another multi-decadal 
cycle of erosion and deposition along the Guiana 
coast, driven by secular change of ocean wind and 
wave climate (Eisma et al. 1991; Allison et al. 2000; 
Augustinus 2004). A comparison study of different 
ages of air photographs showed that the Surinam 
coast changed as a whole from net erosion during the 
period 1947–1966 to net deposition in the period 
1966–1981 (Fig. 9.23, Table 9.2). The change was 
found coincidently with an increase in mean wind 
velocity and a general shift of wind direction from 
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more NE to more ENE from 1959 onward. The stron-
ger winds and the change in direction toward a smaller 
angle with the coastline resulted in an enhanced 
alongshore transport and a reduction of the onshore 
wave energy component. This led to net deposition in 
the Surinam coast (Eisma et al. 1991). Enhanced 
alongshore transport also favored development of 
longer mudbanks (Fig. 9.23, Augustinus 2004). 

Multi-decadal changes in the Guiana coastal develop-
ment were therefore presumed to be determined by 
the variations in the strength and the direction of the 
trade winds instead of the flux of sediment supply 
from the Amazon (Eisma et al. 1991). Note that the 
coast of Guiana and French Guiana has an SE-NW 
orientation, different from the nearly east-west orien-
tation of the Surinam coast. The difference in angle 

Fig. 9.21 Multi-decadal coastal development of the Nanhui Mudbank in the Changjiang Delta (After Huo et al. 2010). Color bars 
denoting the magnitude of accretion (positive) and erosion (negative)
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between the coastline and the direction of wave prop-
agation accounts for the different behaviors of the 
respective mudbanks. Consequently, the mudbanks in 
Guiana are shorter than those in Surinam, and their 
behaviors are more erratic than the latter (Eisma et al. 
1991; Augustinus 2004).

9.4.1.4  Megacycles (Hundreds  
to Thousands of Years)

Mega-scale coastal development is referred to the geo-
logical evolution of the Holocene coastal plains over a 
time scale of centuries to millennia. It is generally 
addressed through using cores or large-scale coastal 
morphological features. Chenier ridges are typical and 
extensive features on coastal plains near the mouths of 
rivers (typically large rivers), excellent indicator for 
the ancient coastline location and evolution (Meckel 
1975; Liu and Walker 1989; Wang and Ke 1989; Lees 
1992). They demarcate the flat coastal plains with 
coastline-parallel ridge series, mainly composed of 
sand and shell debris, a few decimeters to meters higher 
than the surround mudflat/marsh deposits. There are 
generally four chenier ridges along the western coastal 

plain of the Bohai Bay, five in the North Jiangsu coastal 
plain, and eight in the Changjiang Delta (Fig. 9.13). 
The oldest chenier in the Changjiang Delta and the 
North Jiangsu coastal plain was dated 6,460 year BP 
and 6,160 year BP, respectively. The two chenier plains 
were therefore assumed to begin to develop since the 
mid-Holocene maximum flooding period, but have 
afterward been interrupted several times to produce 
other cheniers.

The chenier formation represents an episode of ero-
sion, whereas the intervening mud deposition represents 
a period of coastal progradation. The development of 
chenier plains is generally presumed to mainly result 
from sediment starvation by the distributary channel 
switching (Lees 1992). The lower reach of the Huanghe 
switched several times between debouching into the 
Bohai Bay and the Yellow Sea, accounting for the forma-
tion of the cheniers on the western coastal plain of the 
Bohai Bay and the North Jiangsu coastal plain (Liu and 
Walker 1989; Wang and Ke 1989). Each chenier on the 
southern coast of the Changjiang Delta was formed when 
the Changjiang main channel switched north and away 
from the south bank. The same mechanism was also 

Fig. 9.22 Schematic model 
for shoreline evolution cycles 
in the Guiana coast. Serious 
erosion takes place at the 
interbank phase (top panel).  
It is succeeded by leading 
edge mudbank deposition 
(second panel). The accretion 
continues till the passage of 
the leading edge to reach the 
maximum progradation (third 
panel). And erosion takes 
place again by the swing of 
the trailing edge (bottom 
panel). Note that there is a net 
coastal plain growth with each 
mudbank-interbank cycle 
(After Allison and Lee 2004)
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employed to interpret the chenier development in the 
Mississippi Delta (Byrne et al. 1959) and the Colorado 
Delta in the Northern Gulf of California (Meckel 1975).

Sediment starvation for a coast can also result from a 
reduction in fluvial input from the drainage basin instead 
of the delta channel switching. The chenier ridges on 

the coastal plains of North Australia were presumably 
formed during low mud influx accompanying the 
long-term dry periods in the drainage basins, while 
mudflat deposition occurred during the wetter periods 
(Rhodes 1982; Lees 1992).

The formation of cheniers could have resulted from 
not only the reduced sediment availability but also the 
increased energy of marine processes. There are two 
series of well-developed chenier bundles on the Surinam 
coastal plain, denoting that the coastal development 
was interrupted at least twice by longer intervals of 
erosion during the Coronie Formation (<6,000 year BP). 
These two hiatuses among the three sedimentation phases 
of Wanica, Moleson, and Comowine coincided with a 
slight drop in sea level (Fig. 9.14) and a systematic 
increase of more northerly wind frequencies. The che-
nier formation is therefore simply considered to link 
with the more northerly wind frequencies and a fall in 
sea level (Eisma et al. 1991; Augustinus 2004).

9.5  Sedimentary Structures  
and Bedding

Bedforms and sedimentary structures are highly related 
to sediment size and hydrodynamics (Boguchwal and 
Southard 1990). Open-coast tidal flats vary greatly in 
major grain-size composition from fine silt to sand 
(Table 9.3). Wave energy can be dissipated higher or 
less when propagating over the muddy or sandy flats 
due to presence of fluid mud or not, and the wave is also 
greatly modulated by tidal fluctuations. The  diffe rence 

Fig. 9.23 Changes in position and length of the mudbanks 
(heavy lines) along the Surinam coast between 1947 and 1981 
(After Eisma et al. 1991)

Table 9.2 Total amounts of mud yearly eroded (−) or deposited (+) along the Surinam coast over different periods 
(After Eisma et al. 1991)

Period Section
Total amount  
(×108 tons)

Amount per year  
(×106 tons year–1)

Net amount over the entire  
coast (×106 tons year–1)

1947–1957 I −15.90 −1.59
II +9.85 +0.99 −0.82
III −2.09 −0.21

1957–1966 I −14.19 −1.58
II +0.45 +0.05 −1.00
III +4.71 +0.52

1966–1970 I +6.55 +1.64
II +1.28 +0.32 +2.18
III +0.89 +0.22

1970–1981 I +30.85 +2.81
II +44.57 +4.05 +7.61
III +8.29 +0.75
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in grain size and combined wave-current energy 
 consequently determine the sedimentary character 
changing in a spectrum from the wave-influenced, 
tide-dominated on the muddy (fine silt domination) 
open-coast tidal flats, through the wave- and tide-
dominated on the muddy (coarse silt domination) open-
coast tidal flats, to wave-dominated on the sandy 
open-coast tidal flats. The spectrum change is also evident 
in the strata with increasing volume of storm depo sits 
from the muddy to sandy open-coast tidal flats.

The mudbanks along the Guiana coast are muddy 
open-coast tidal flats, predominantly consisting of fine 
silt and clay. The prevalent bedding is massive beds, or 
parallel to subparallel laminations of a few microme-
ters to millimeters thick (Table 9.3; Rine and Ginsburg 
1985; Allison et al. 1995b; Allison and Lee 2004). The 
millimeter-scale laminations of silt enrichment are 
commonly layered structures in X-radiographs. The 
micrometer scale of the structures should be exam-
ined in thin sections under microscopes, named plas-
mic or unistrial fabric (Kuehl et al. 1988; Allison et al. 
1995a, b). The plasmic fabric is composed of alternat-
ing layers (about 0.01 mm thick) of oriented and unori-
ented clay and mica with the oriented layers showing 

uniform extinction under polarized light. The formation 
of plasmic fabric was presumed to result from in situ 
shearing by surface gravity waves in sediments being 
rapidly deposited from a fluid-mud suspension 
(Fig. 9.24, Rine and Ginsburg 1985; Allison et al. 
1995b). Solitary waves have almost unidirectional flow 
approaching the shore (Wells and Coleman 1978). 
Because of the viscosity difference, passage of solitary 
waves induces shear along the fluid mud/sediment 
boundary. This shear is postulated to break flocs and 
orient platy particles (micas and clays) in the direction 
of shear. Floc deposition takes place between waves, 
producing unoriented interlaminations (Allison et al. 
1995a). The plasmic fabric is the finest scale of sedi-
mentary structures having wave imprints as known so 
far, but it is difficult to be distinguished in fossil rocks 
and linked to wave generation.

Most of the muddy open-coast tidal flats are pre-
dominantly composed of silt, with small fractions of 
clay and fine sand (Table 9.3). The preferred surface 
structures are small ripples on the muddy flats if no 
presence of storm waves. On the Chongming Eastern 
Flat in the Changjiang Delta, small symmetrical wave 
ripples and combined flow ripples are the commonest 

Fig. 9.24 Schematic model 
for the genesis of plasmic 
fabric layers (~0.01–0.1 mm 
thick) on the muddy banks 
along the coast of Guianas. 
Because of the viscosity 
difference, shear is produced 
at the boundary of fluid mud 
and sediment with passage of 
solitary wave crests (upper 
panel). The shear is 
considered to break the 
surface flocs and orient platy 
mineral grains, creating a 
plasmic layer. Between 
weaves, floc deposition is 
possible, producing 
unoriented interlaminations 
(After Allison et al. 1995a)
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Fig. 9.25 Surface structures on the Chongming Eastern Flat of 
the Changjiang Delta. Small symmetrical wave ripples on the 
marshland (a) and on the upper bare flat (b). Small combined-
flow ripples on the bare flat (c–f) including the flatten-crested 
ripples (d) and undulatory to lingoid current ripples (e, f). 
Interfering ripples with the coast-parallel straight-crested ripples 
increasingly modified by orthogonal waves seaward from (g) to 

(i); ballpoint pen is 14 cm long and pointing toward the sea. 
Increasing wave reworking on the muddy flat to produce small 
separate erosion holes (j), broaden and connect the holes, turn 
muddy deposited layer into patches (k), and develop the embry-
onic dunes (i) and well-developed dunes topped by small ripples 
on the marsh-frontal zone (m) and the middle and lower inter-
tidal flats (n, o)
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bedforms (Fig. 9.25a–f). Interfering ripples are also 
frequently present, with the modification magnitude of 
one group of wave ripples by another increasing sea-
ward from the upper to the lower bare flats (Fig. 9.25g–i). 
Accumulation of these small rippled beds tends to pro-
duce lenticular and wavy bedding, which is commonly 
seen on the tile sedimentation and along the erosion 
cliff of remnant muddy patches (Fig. 9.26). On the 
fortnightly (one neap-spring-neap cycle) tiles, 3–6-cm-
thick deposits were not found to have direct link with 
neap-spring cycles in terms of lamina number and 
thickness variation (Fig. 9.26e–h), even the extrapo-
lated sediment rate reaching up to 72–144 cm year–1.  
It is reasonably linked with the formation of rippled 
laminae, lenticular and wavy bedding by waves or com-
bined wave and tide flows instead of purely tides (usu-
ally known as tidal bedding, Reineck and Singh 1980), 
and thicker and sandier laminae represent higher energy 
events of larger waves or the combined flows of larger 
waves and higher tides instead of purely higher tides.

The muddy open-coast tidal flats can temporarily 
shift into sandy flats during the storm conditions, 
developing erosion features, dunes, and storm-generated 
bedding. On the Chongming Eastern Flat, erosion  
by rising storm waves starts at discrete points, and the 
erosion holes gradually expand to unite each other 
until there are only a few isolated muddy patches on 
the sandier deflated flats, following with the bedforms 
growing from small ripples into large dunes (Fig. 9.25j–o). 
Storm decaying initiates to deposit first a sandy lag 
layer with abundant shell debris and mud pebbles over 
the erosion surfaces, and follows with a thinning- and 
fining-upward succession, that both grain size and 
thickness of sandy laminae decrease upward, gradu-
ally returning the normal tidal-flat thinly interlayered 
deposition (Fig. 9.27). During a storm season, previ-
ous storm deposits tend to be reformed by the follow-
ing storms, producing a single amalgamated 
storm-deposited succession. For example, units b, c, 
and d were deposited by typhoons Neil, Olga, and Paul, 
respectively, over the typhoon season in 1999; the for-
mer two units were the remnants by subsequent storm 
reworking (Fig. 9.27; Fan et al. 2004a). A thinning- 
and fining-upward succession is therefore a storm-
related small succession consisting of a lower half of 
sand-dominated layers (SDLs, storm deposition) and an 
upper half of mud-dominated layers (MDLs, after storm, 
normal tidal-flat deposition). The small storm-related 
succession usually has approximately half-and-half 

ratios of SDLs and MDLs, commonly seen in the 
Changjiang Delta where a high sedimentation rate is 
generally achievable with several centimeters per year 
(Li et al. 2000; Fan and Li 2002).

The deposits of sandy open-coast tidal flats may 
consist predominantly of high-energy storm deposits 
with volumetrically minor amounts of tidally induced 
lamination (Yang et al. 2005, 2008a). The Baeksu 
sandy flats in southwest Korea were finely explored by 
Yang et al. (2005, 2006, 2008a, b). In summer lower 
energy season, the flats are commonly veneered by mud 
layer of several centimeters thick, consisting of thinly 
interbedded to interlaminated sand and mud. The mud 
layer can be partitioned into two to three smaller-
scale upward-fining successions, interpreted as weak 
summer storm deposits (Fig. 9.28). In winter higher 
energy season, the flats turn into sandy substrate topped 
by dune field. The deposits contain extensive wave-
generated parallel lamination and short-wavelength 
(0.3–2 m) hummocky cross-stratification (HCS, 
Table 9.3, Fig. 9.28), highly similar with those of 
shoreface facies. Yang et al. (2008a) suggested that the 
storm deposits on the sandy open-coast tidal flats con-
tained evidence of tidal modulation of storm processes, 
in which single storm layer is composed of three dis-
tinctive rippled intervals: (1) landward-dipping, ripple 
cross-lamination at the base, produced by combined 
flows during rising tide; (2) symmetrical buildup of 
wave-ripple cross-lamination in the middle, formed by 
oscillatory wave motion at high tide when currents are 
weak; and (3) seaward-dipping, ripple cross-lamina-
tion at the top, deposited by combined flows again dur-
ing falling tide. Because of limited input of fine 
sediments and lower sedimentation rate, the summer 
muddy laminated successions were less preserved, 
leading to the strata mainly composed of winter sandy 
deposits with typical HCS (Yang et al. 2005).

It is generally concluded that deposits of open-coast 
tidal flats are characterized by abundant sedimentary 
features generated by waves or combined flows, mak-
ing them distinctly different from the sheltered tidal 
flats. The features of tidal modulation of wave action 
distinguish them from the shoreface facies. The most 
extensive cyclic successions are strongly asymmetric 
with only the upper half of a fining-upward cycle 
(Figs. 9.27 and 9.28), denoting the annual depositions 
of seasonal prevalent large waves alternating with small 
waves (Baker et al. 1995; Li et al. 2000; Dalrymple 
et al. 2003; Fan et al. 2004a; Yang et al. 2005).
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Fig. 9.26 Sedimentary beddings and internal structures of the 
tidal-flat deposits in the Changjiang Delta. Semidiurnal tile 
observations showing (a) one sand-mud couplets pair with small 
symmetrical wave ripples capped by a thick frozen fluid-mud 
layer and a thin algal mat on the surface, and (b) two sand-mud 
couplets with the ebb-current ripples laid on the stoss-side of the 
underlying flood-current ripples. Diurnal tile observations exhib-
iting two thin sand laminae separated by a thick mud layer (c), or 
by a hiatus surface with different color and composition (d). On 
the fortnightly observation tiles, 3–6-cm-thick deposits consist-
ing of 7 sand-mud couplets, exhibiting thinly interlayered bedding 

(e); two thin sand layers sandwiched by a thick mud layer with a 
few thin sand lenses (f); fining-upward successions with massive 
sand layer at the bottom and parallel to wavy beddings on the top 
(g), or developing load structures with the lower heterolithic bed-
ding (h). The erosion cliff of the mud patches showing finely 
laminated bedding (i), fining-upward succession with parallel to 
wavy bedding (k, similar with (g) and (h) on the fortnightly ties), 
and thick massive mud layer capped by thin sand layer (j, like 
those of (f)). The underlying sandy deposits exposed by deep ero-
sion containing parallel bedding (l) and mud-pebble concentra-
tion layer (m). Ballpoint pen always pointed to the sea
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9.6  Preservation Potential

Preservation potential of the deposits is general very 
low on the open-coast tidal flats due to frequent refor-
mation by waves, especially storms. It has be recently 
studied by the preservation potential of individual cou-
plets, ratios of gross and net sedimentation rates, and 
numerical modeling (Li et al. 2000; Fan 2001; Fan and 
Li 2002; Gao 2009).

Sand-mud couplets are basic sedimentary units of 
tidal-flat deposits, and their formation and preservation 

potential have been extensively discussed by a series 
of field observations in the Changjiang Delta (Li et al. 
2000; Fan 2001; Fan et al. 2001, 2002, 2004b; Fan and 
Li 2002). The method is simply based on the compari-
son study of number and thickness of couplets using 
the tile observation. A group of tiles were fixed closely 
on the tidal-flat surface and regularly visited by diffe-
rent time intervals spanning from a semidiurnal tide to 
a month or longer (Fig. 9.29). Two couplets were 
sometimes observed to accumulate on the semidiurnal 
tile, denoting both flooding and ebbing flows potential 

Fig. 9.27 Genesis interpretation of a small succession consist-
ing of sand-dominated layers (SDLs) and mud-dominated layers 
(MDLs) using elevation-monitoring data at the Nanhui Mudbank, 
the Changjiang Delta. The net sediment increments (a–d) in the 

right column were deposited at the time intervals (A–D) in the 
bottom column. Maggie, Neil, Olga, and Paul are names for four 
typhoons having exerted great impact on the study area in 1999 
(After Fan et al. 2002, 2004b)

Fig. 9.28 Sketch drawing of the superposition of the winter 
large-wave coarse deposits and the summer weak-wave fine 
deposits. The coarse-bedding package characteristic of hum-
mocky cross-stratification (HCS) was formed during the wan-
ing stage of bigger storm. The fine-bedding package was 

composed of one or two smaller upward-fining successions, 
each succession presumably being formed during the waning 
stage of smaller storm and during the immediate post-storm 
period in summer (After Yang et al. 2005)
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to form their own couplets. In the period from May 4 
to June 4 in 2002, there were cumulatively 55, 13, and 
7 couplets observed on the daily, fortnightly, and 
monthly tiles, respectively (Fan et al. 2004a). Compared 
to the maximum of 120 couplets potentially deposited 
by 60 semidiurnal tides in the period, the preservation 
rates of couplets were 45.8%, 10.8%, and 5.8%, 
respectively, for the daily, fortnightly, and monthly 
intervals. It is indicated that the preservation rate of 
couplets decreases rapidly as time intervals increase 
(Fan et al. 2004a). The same conclusion has been 
achieved from the tile observation experiment in 1999 
at the Nanhui Mudbank (Table 9.4, Fan and Li 2002). 
Based on the core study, Li et al. (2000) further extrap-
olated that the preservation rate of couplets could be 
lowered to 0.2% over a 100-year scale. Also, the sedi-
mentation rates calculated over different time intervals 
decrease exponentially as the time intervals increase 
(Table 9.4, Fan et al. 2001).

The problem of the low spatial resolution of  
the preservation potential studies by in situ measure-
ments can be effectively solved by numeric modeling. 

A forward modeling approach has been employed to 
simulate the preservation potential of tidal-flat deposits 
on the North Jiangsu coast (Fig. 9.11, Gao 2009). The 
results showed that the preservation potential was the 
highest over the upper part of the intertidal flat and  
the lower part of the subtidal flat, and the lowest near 
the mean sea level and the mean low water springs 
(Fig. 9.30). Also, the preservation potential decreased 
as the tidal flats prograded seaward. The slope of tidal 
flats has significant influence on the preservation poten-
tial, in that the minimum value is approximately four 
times greater for the slope scenario of tan  = 0.5 × 10–3 
than that of tan  = 1.0 × 10–3 (Gao 2009). The simula-
tion result of the preservation potential is comparable 
with those from field experiments in the Changjiang 
Delta (Li et al. 2000; Fan 2001; Fan and Li 2002).

The lower preservation rates indicate that the inter-
tidal-flat deposition is riddled with various diastems. 
The incompleteness of tidal-flat deposition has been 
explored in detail along the 4-m-thick intertidal-flat 
deposition in the Changjiang Delta (Fan et al. 2002). 
The 4-m-thick strata were extrapolated to deposit in 

Fig. 9.29 Sedimentation on the observation tiles (40-cm wide 
and 40-cm long) visited by regular intervals spanning from a half 
day to a month or longer. The field monitoring experiment was 
carried in 2002 with six tiles fixed on the middle intertidal-flat 
surface at the same time, and each tile was scheduled to visit and 
redeploy at different time intervals spanning from a half day to 
six months (a). However, the bi-monthly and semiannual tiles 

were taken away by waves after 6–7-week deployment, so no 
record was available from these two tiles. Photos (b–e) showed 
examples of sedimentation on the tiles. There are two sand-mud 
couplets on the semidiurnal and daily tiles (b and c) and seven 
couplets on the fortnightly and monthly tiles (d and e). The 
dashed line marks the couplet boundaries. The ballpoint pen is 
14 cm long, and pointing toward the sea (After Fan et al. 2004a)
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roughly 96 years, and were on average composed of 32 
small successions (Fig. 9.31). The small succession is 
a storm-related thinning- and fining-upward succes-
sion, consisting of a couple of SDLs and MDLs, which 
are a group of sand- or mud-dominated layers, respec-
tively, generated by storms or after the storms. Single 
small succession generally represents annual cycle of 
storm season and non-storm season deposition 
(Fig. 9.27), so only one third of 96-year depositional 
intervals contain their own deposits, and the diastems 
occupy the other two-third time intervals. Assuming 
the even distribution of the diastems, their temporal 
distribution is shown in Fig. 9.34a. Over 1-year inter-
val, the temporal distribution of diastems looks like 
that of Fig. 9.34b, where the typhoon season and the 
following 1–2 months are marked in black with depo-
sition of SDLs and MDLs. The latter can be deposited 
in a few weeks after the typhoon season on the basis of 
modern sedimentation rates, leaving the other several 
months blank or diastems during the non-typhoon sea-
son. Single SDLs can be formed by amalgamation  
of several storm deposits over a typhoon season as that 
shown in Fig. 9.27, and only the time intervals B, C, 
and D had the corresponding deposits preserved in the 
strata, leaving other time intervals blank (Fig. 9.27). 
The temporal distributions of diastems over the 

fortnightly and daily intervals were extrapolated from 
the tile observations. Meanly five to six sand-mud cou-
plets on the fortnightly tiles and two sand-mud couplets 
on the daily tiles denote that 11 out of 14 days and 2 
out of 4 semidiurnal tides were blank or without depos-
its over the fortnightly and daily intervals, respectively 
(Fig. 9.31c, d). It is therefore concluded that a sedi-
mentary unit complete on a longer time scale actually 
contains many diastems on a shorter time scale. 
Diastems in the tidal-flat deposits can be generated by 
erosion of storm waves, and also by small waves and 
tides. They are discernible or non-discernible, repre-
senting the missing sediment intervals from a few 
hours to several years or longer (Fan et al. 2002).

9.7  Sedimentary Facies  
and Successions

9.7.1  Holocene Examples

9.7.1.1  Progradational Open-Coast Tidal-Flat 
Successions

The progradational open-coast tidal flats generally 
have a convex-up profile with marked fining-landward 
intertidal zonations. The regressive vertical stratigraphic 

Table 9.4 Comparison of couplet number and thickness on the daily and fortnightly tiles for the field observation on the Nanhui 
Mudbank in the Changjiang Delta during the period May 24 to July 8 in 1999 (After Fan and Li 2002)

Daily tiles Fortnightly tiles Preservation rates (%)

1 3 2 4 2 vs. 1 4 vs. 3

Cumulative thickness of couplets (mm) 303.2 335.4 65.0 92.2 21.4 27.5
Cumulative number of couplets 81 77 16 16 19.8 20.8
Average couplet thickness (mm) 3.7 4.4 4.1 5.8
Sedimentation rate (cm year–1) 245.9 272.0 52.7 74.8

Fig. 9.30 Modeling output of the distribution pattern of the preservation potential over the transect DT-DM in Northern Jiangsu 
coast for different bed slopes: (a) tan  = 0.5 × 10–3; (b) tan  = 1.0 × 10–3 (After Gao 2009)
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succession reflects this trend of variations, grading 
conformably upward from the lower intertidal sand, 
through the middle intertidal mud-sand mixture, to the 
upper intertidal mud (Fig. 9.32, Semeniuk 1981; Li 
and Li 1982; Li et al. 1992). The (shelly) sand facies 
generally consists of thick wave-rippled or massive 
sand layers with clay lenses or seams, and thick sand-
dominated layers (SDLs, Fig. 9.26) of storm genera-
tion, developing cross-stratified bedding of slight 
bioturbation. The heterolithic mud and sand facies is 
characterized by abundant wavy bedding with moderate 
bioturbation and the small fining-upward successions 
consisting of alternative sand- and mud-dominated 

layers in roughly equal thickness. The mud facies 
grades upward from the upper bare to vegetated inter-
tidal flats and usually continuing toward the supratidal 
flats, lithologically from finely laminated silt and clay 
with silty parallel to wavy laminae of a few grains to 
millimeters to massive mud with rippled sand lenses, 
scattered pigmentation mottles, and abundant in situ 
salt-marsh-plant rootlets or mangrove stumps. The 
laminated to bioturbated mottled mud may be inter-
bedded with lensed beds of muddy and shelly sand of 
several decimeters thick or more, which are swash 
bar/chenier ridge deposits produced by storm waves 
(Semeniuk 1981; Li et al. 1992).

Fig. 9.31 The stratigraphic completeness of an open-coast 
intertidal-flat succession examined at different time scales, show-
ing that a complete stratigraphic unit at a longer term was exam-
ined to fill with diastems at a shorter time scale. The intertidal-flat 

succession is roughly 4 m thick, deposited in ~96 years in the 
Changjiang Delta. The thickness of individual small successions 
and sand-mud couplets is generally a few centimeters to decime-
ters, and a few millimeters to centimeters (After Fan et al. 2002)
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The progradational fining-upward intertidal-flat suc-
cession commonly continues with a coarsening-upward 
succession toward the subtidal flats for the muddy 
open-coast tidal flats with a gently smooth intertidal-
subtidal profile (Fig. 9.32a, Li et al. 1992). It may also 
be underlain by the thick sand deposits when the muddy 
intertidal flats prograde over the subtidal sand-ridge 
systems like those on the central North Jiangsu coast 
(Ren 1985) and the distributary-mouth bars in the del-
tas (Fig. 9.32b; Dalrymple et al. 2003), or the sandy 
intertidal flats prograde over the subtidal ridge-runnel 
complex (Reineck and Cheng 1978; Semeniuk 1981).

9.7.1.2  Retrogradational Open-Coast  
Tidal-Flat Successions

The retrogradational sandy open-coast tidal flats com-
monly develop along the coast receiving slight sedi-
ment input, having a concave-up profile with general 
coarsening-landward trend of intertidal sediment dis-
tribution except the inner parts behind the swash bars/
ridges (Yang et al. 2005, 2008a). They produce a trans-
gressive coarsening-upward succession in response to 

Holocene sea-level rise (Fig. 9.33, Kim et al. 1999; 
Chang and Choi 2001; Lim et al. 2004; Yang et al. 
2006b). The transgressive succession, usually uncon-
formally underlain by either bedrock or pre-Holocene 
deposits which are commonly stiff mud (Kim et al. 
1999), consists of three or four depositional units 
including the facies of salt-marsh, mud-, mixed-, and 
sand flats in an ascending order (units B

1
–B

4
 in 

Fig. 9.33). The lowermost unit (B
1
), early Holocene 

salt-marsh deposit, is composed of intensively biotur-
bated dark-gray mud with minor sand-rippled lamina-
tion, rich in organic matter, and small plant roots. Unit 
B

2
, mudflat deposit, is characterized by intensely 

bioturbated dark-gray mud with sporadic rhythmic 
lamination, grading conformably both downward  
and upward into units B

1
 and B

3
. Unit B

3
, mixed-flat 

deposit, is composed of dark-gray, moderately biotur-
bated to laminated sandy silt or silty sand with relative 
abundance of shell fragments. The uppermost unit B

4
, 

sand-flat deposit and unconformably overlying unit B
3
, 

is characterized by greenish to olive gray, very fine  
to fine sand with slight bioturbation and relatively 
well-preserved lamination, typically developing storm-
generated small fining-upward successions with hum-
mocky cross-stratification (Fig. 9.28).

The whole Holocene coarsening-upward succes-
sion was previously interpreted as the result of the con-
tinual retrogradation of the non-barred tidal flats (Kim 
et al. 1999; Chang and Choi 2001; Lim et al. 2004), 
whereas the interpretation was questioned by Yang 
et al. (2006b). They noted that there was generally 
relative abundance of tidal creek/channel deposits 
(Fig. 9.33c) and absence of storm- or wave-generated 
structures in units B

1
–B

3
. These three units were con-

sequently interpreted to be deposited in a back-barrier 
tidal-flat setting, because tidal channels are commonly 
rare on the modern open-coast tidal flats of the study 
area. As the transgression continued, the former barri-
ers migrated landward over the back-barrier tidal flats, 
which thereafter changed into open-coast tidal flats 
(Fig. 9.33c). They become a wave-dominated setting 
with a volumetric majority of storm-generated beds 
(Yang et al. 2006b).

9.7.1.3  Estuarine-Deltaic Channel Filling 
Successions with Tidal Rhythms

A few examples have been reported to have the neap-
spring cycles in recent and Holocene estuarine-deltaic 
channels, which lie between the truly open-coast and 

Fig. 9.32 Schematic models showing two most common pro-
gradational tidal-flat successions on the open-coast environment 
(After Li and Li 1982; Li et al. 1992; Dalrymple et al. 2003)
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highly sheltered settings (Fan 2001; Hori et al. 2001; 
Dalrymple et al. 2003). In the Fly Delta, the recent ver-
tical succession of tidal bar facies was found at a few 
core sections to exhibit cyclic changes in lithology. 
Each single cycle contains a lower half coarsening-
upward succession and an upper half fining-upward 
succession, counting 26 sand laminae which are close to 
28 tides for a semidiurnal tidal setting (Fig. 7a in 
Dalrymple et al. 2003). These features, together with the 
thick-thin alternation of adjacent sand laminae for the 
spring tidal deposits, have been undoubtedly interpreted 
to be the tide-generated neap-spring cycles and the 
diurnal inequality, respectively (Dalrymple et al. 2003).

Sand-mud couplets with cyclical changes in lamina 
thickness are common features in the early Holocene 
estuarine facies of the Changjiang Delta (Fan 2001; 
Hori et al. 2001). The core section of 47.12–48.49-m 
depth in the borehole CM-97 contains four complete 
neap-spring cycles (Fig. 9.34). The cycles are more 
clearly shown by variations in sand-laminae thickness 
(not including the very thin sand laminae within the 
mud couplets) through using 5-point adjacent averag-
ing smoothing method. Discrete Fourier analysis of 
the smoothed data shows an average peak period at 
28.4 laminae (25.2–31.5), matching well with 28 semi-
diurnal tides within a neap-spring cycle. Mud couplets 

and the superposition of current ripples with opposite 
foreset dipping directions are other good indicators of 
tidal origin. It is therefore hypothesized that the 
estuarine and deltaic-distributary channels potentially 
accommodate some rapid filling successions contain-
ing the neap-spring cycles.

9.7.2  Ancient Examples

Ancient tidalites have been extensively studied in the 
last three decades, typically those registering tidal cycle 
signals. Due to an excessive passion for periodic cycles, 
the dramatic growing publications are biased toward 
the cyclic tidal rhythmites with the neap-spring cycles. 
Noncyclic rhythmites have been greatly neglected even 
though they may contain the seasonal wave-climate 
cycles. Only a few ancient tidal rhythmites have been 
undoubtedly interpreted as the open-coast tidal-flat 
environments (Klein 1970; Fan et al. 2004b).

9.7.2.1  Tonglu (Late Ordovician)
Tonglu tidalites of the Late Ordovician age are well 
outcropped along a roadcut near Tonglu County, 
Zhejiang Province, east-central China (Fan et al. 
2004b). They are the uppermost member subdivision 

Fig. 9.33 (a) Schematic drawing of a retrogradational coarsen-
ing-upward tidal-flat succession, and (b, c) cross-shore profiles 
of vertical stacked tidal-flat sub-facies in response to sea-level 

rise on an open-coast setting with limited sediment input (After 
Kim et al. 1999; Yang et al. 2006b)
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of the Wenchang Formation, a shallowing-upward pro-
gradational succession from shallow marine to open 
coastal settings (Fig. 9.35). Tonglu tidalites exhibit 
three orders of periodicities in terms of sandstone and 
mudstone layer thickness. Millimeter- to centimeter-
thick alternations of sandstone and mudstone laminae 
were ascribed to be deposited by single tidal cycles. 
Centimeter- to decimeter-thick alternations of sand-
dominated layers (SDLs) and mud-dominated layers 
(MDLs) were interpreted to be formed by seasonal 
alternations of storm- and calm-wave climates. The 
storm-genesis interpretation of each single SDLs was 
convincingly based on the abundance of wave and 
storm action products, like intraformational mud peb-
bles, symmetrical wave ripples, and the asymmetrical 
small successions of thinning-upward trends which 

began with an erosion surface and overlain thick sand-
stone bed with abundant shell debris and mud pebbles, 
similar to modern storm-generated SDLs in the 
Changjiang Delta. The megacycle of several meters 
thick, composed of a lower half coarsening-upward 
succession and an upper half fining-upward succes-
sion, was interpreted as a vertical regressive succes-
sion produced by gradual shoaling from the lower 
subtidal zone to the upper intertidal zone with the 
coarsest and thickest sand layers at the middle, similar 
with that of modern open-coast tidal-flat depositional 
succession in Fig. 9.32a. Other evidence like general 
lack of tidal-channel filling deposits and abundance of 
wave-generated structures and small depositional suc-
cessions also supports the open-coast tidal-flat envi-
ronmental interpretation (Fan et al. 2004b).

Fig. 9.34 Cyclic variations in sand-lamina thickness of the 
estuarine facies in the Changjiang Delta (depth of 47.12–
48.49 cm along the borehole CM-97) deciphering neap-spring 
cycles. (a) Core photos; (b and c) plots of original data and 
smoothed data (using 5-point adjacent averaging method) of 

lamina thickness over lamina number; (d) FFT amplitude-fre-
quency plot of the lamina-thickness data showing two major 
peak periods at 28.4 and 11.5 laminae. N, S, and MC in (a) are 
shortened for neap tide, spring tide, and mud couplets, respec-
tively (After Fan 2001, photos courtesy of Yoshiki Saito)



224 D. Fan

9.7.2.2  Islay (Late Proterozoic)
The Lower Fine-grained Quartzite of Middle Dalradian 
(Late Proterozoic) age in Islay, Scotland, consists of 
massive-bedded, cross-stratified, and rippled ortho-
quartzites (Facies 1), and siltstone and mudstone 
(Facies 2). The two facies are organized into a sharp-
based, fining-upward succession with basal shallow 
subtidal sandstones, intertidal sand-flat or sand-bar 
sandstone, and high tidal-flat mudstones (Klein 1970). 
The succession is highly identical to that of back-bar-
rier tidal-flat deposition (Klein 1985; Dalrymple 1992), 
except the general devoid of tidal-channel deposits. 
Comparison study prefers the modern analogue in the 
Wash of Eastern England with few presence of inter-
tidal channels (Klein 1970), falling into the divisions 
of open-coast tidal flats.

9.7.2.3  Ramgundam (Middle Proterozoic)
The Ramgundam Sandstone of Middle Proterozoic 
age is well exposed along the Godavari Valley of south-
central India (Chaudhuri and Howard 1985). It is com-
posed of lens-shaped bodies of arkosic sandstone and 
interbedded sandstone and shale. The fining-upward 
succession devoid of tidal-channel deposits presum-
ably represents a transgressive intertidal depositional 
succession building over linear-bar shoals frequently 

subjected to sufficient storm-induced wave activity 
(Chaudhuri and Howard 1985). Such facies interpreta-
tion sought no acceptable modern analogue at that time 
(Chaudhuri and Howard 1985), but is now comparable 
with the facies model of open-coast intertidal deposits 
building over the distributary-mouth or estuarine-
channel bars (Fig. 9.32b).

9.7.2.4  Hazel Patch (Late Carboniferous)
The Hazel Patch sandstone of the Pennsylvanian age 
(Late Carboniferous) in eastern Kentucky (USA) has 
been highlighted for developing cyclic tidal rhythmites 
registering three orders of tidal cyclicities, including 
diurnal inequality, neap-spring cycle, and monthly 
tidal cycle (Greb and Archer 1995). Actually, cyclic 
tidal rhythmites are spatially limited in the lower part 
of a single major channel-filled succession. Within the 
channel fill, cyclic rhythmites grade upward into amal-
gamated rhythmites. The broad flats outside of the 
major channel are exclusively dominated by noncyclic 
rhythmites, containing small rhythmic successions 
similar to those of storm-generated successions on 
modern open-coast tidal flats (Figs. 9.27 and 9.28). 
The Hazel Patch sandstone is generally a fining-upward 
succession, consisting of the subtidal sand-bar deposits 
and the intertidal broad sand-flat deposits (both containing 

Fig. 9.35 Features of typical stratigraphic units compromising 
Tonglu tidal-flat successions, upper Wenchang Formation of 
Late Ordovician. The Tonglu tidal-flat successions consist of a 
complete cycle (A) from the subtidal facies to the upper inter-

tidal facies and a half cycle (B) with upper part of intertidal 
facies associations. PCB, low-angle planar cross-bedding; LB, 
lenticular bedding; WB, wavy bedding; FB, flaser bedding; Anjie 
Fm, Anjie Formation of Early Silurian (After Fan et al. 2004b)
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extensive structures of combined-flow and storm genesis) 
and high intertidal-flat deposits containing numerous 
small tidal-channel fills (Greb and Archer 1995). The 
succession is also considered to be deposited on an 
open-coast intertidal flat over the distributary-mouth 
or estuarine-channel bars.

9.8  Summary

Tidal flats occupy a large section of the world’s unshel-
tered shoreline, especially along the coast receiving 
large volumes of terrigenous fine sediments from riv-
ers that build up broad and gentle shelf deposits. Open-
coast tidal flats have received increasing interest 
because of their importance in global environmental 
issues posed by rising sea level, decreased sediment 
fluxes linking to river damming, and increasing human 
usage, also providing a modern analogue for fossil 
facies interpretation.

Large tidal range favors but is not a prerequisite 
for tidal-flat development. Sediment supply and the 
magnitude of wave exposure are two key controlling 
factors of tidal-flat morphology and sedimentology. 
Open-coast tidal flats develop in wide environments, 
ranging from partly exposed embayments and estuar-
ies to highly exposed deltas and coastal plains. The 
commonest open-coast tidal flats are principally com-
posed of mud, extensively distributing along the tide-
dominated mega-deltas and their adjacent chenier 
plains. Most of the world’s largest river deltas are tide 
dominated or under significant tidal influence. Littoral 
currents carry the resuspended sediment from the 
deltas, downdrift for tens to hundreds of kilometers 
along the coast to nourish tidal flats. The longest 
stretches of open-coast tidal flats are of this type, 
including the muddy coast along the East China and 
the Guianas. Sandy open-coast tidal flats majorly 
develop in the open-mouth estuaries and the adjacent 
strand plains, where large tidal ranges usually occur 
owing to tide amplification by typical coastal mor-
phology, like narrow and shallow straits or funnel-
shaped estuaries.

Open-coast tidal flats bare some common features 
to distinguish them from other coastal environments. 
These features include: (1) developing broad and gen-
tle flats without significant morphological break along 
the shore-normal profile, (2) fronting an open sea or ocean 
without barriers, (3) exposing to different magnitudes 

of wave action with clear seasonal variations from 
tide-dominated into wave-dominated morphodynamic 
conditions, (4) developing few tidal channels on the 
bare flats except complex tidal-creek systems in the 
adjacent salt-marsh land, (5) exhibiting clear intertidal 
zonations of a coarsening seaward trend, and (6) con-
taining abundant combined-flow and wave-induced 
structures and bedding.

It is noteworthy that there is a significant difference 
between the muddy and sandy open-coast tidal flats. 
The muddy classification tends to have an accretional 
convex-up profile with the coarsest sediment near the 
mean lower water springs, and develop a cyclic pro-
gradational succession consisting of a lower half of 
subtidal coarsening-upward succession and an upper 
half of a fining-upward intertidal-to-supratidal succes-
sion. The sandy type usually has an erosional concave-
up profile with the coarsest sediment near the mean 
high water, and develops a coarsening-upward retro-
gradational succession. Typical hummocky cross-
stratification (HCS) of short wavelength can be 
common in the sandy open-coast tidal-flat deposits, 
whereas not present in muddy open-coast tidal-flat 
deposits. The vertical succession of sandy open-coast 
tidal flats generally has higher abundance of storm-
generated beds volumetrically than that of muddy 
open-coast tidal flats. A spectrum of coastal morpho-
dynamic settings is therefore reorganized to change 
from the wave-influenced, tide-dominated muddy 
open-coast tidal flats, the wave- and tide-dominated 
accretional sandy open-coast tidal flats, wave-domi-
nated erosional sandy open-coast tidal flats, to wave-
dominated tidal beaches.

The open-coast tidal-flat deposition is far from 
complete (or continuous) due to reworking by complex 
physical processes. The well-developed sand-mud 
couplets do not represent the continuous deposition of 
tidal cycles in the vertical stacking succession. The 
preservation potential of strata is very low in terms of 
preservation rates of couplets and a general decreasing 
trend of sedimentation rates over different time scales. 
So the basic stratigraphic tenet is highlighted that 
deposition by shorter-time cyclic processes (e.g., tide) 
is highly reworked by successive longer-time cyclic 
processes (e.g., seasonal alternations of wave climate). 
Rapid continuous deposition with the neap-spring 
cycles is generally exempted from the open-coast tidal 
flats, except the relatively protected setting like the 
estuarine or distributary channels.
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Following the recent research advances in open-
coast tidal flats, the classification of clastic coastal 
environments should be changed to account for this 
new knowledge. New efforts should undoubtedly be 
steered to build new facies models for newly proposed 
subdivisions and to clarify the inter-relationships 
among any two transitional facies. Open-coast tidal 
flats are shaped by the interactions of tides and waves 
instead of their separate action, so the modulation of 
waves by tide should be stressed in the roles of sedi-
ment dynamics and morphodynamics. A renaissance is 
highly expected using integrative available data on 
both descriptive and quantitative features for ancient 
tidal facies interpretation after the three decades of 
research on tidal cycles. Muddy coasts adjacent to river 
deltas are undergoing great impacts (e.g., coastal ero-
sion, wetland degradation) from human activities and 
global change, so modern environmental issues should 
be included and studied in the geological and sedimen-
tologic aspects.
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