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Abstract

Back-barrier tidal flats occur along micro- to mesotidal coasts landward of barrier
islands and in the shelter of coastal sand spits and bars. Tidal flats are generally
flood dominated, the grain size progressively decreasing shoreward. The sediment
can be divided into sand, slightly muddy sand, muddy sand, sandy mud, slightly
sandy mud, and mud. The mud fraction consists of non-cohesive sortable silt and
cohesive flocs and aggregates. Important physical and biological surface struc-
tures include wave- and current-generated ripples, ladderback ripples, washed out
ripples and other late-stage emergence runoff features, shell pavements, fluid mud
sheets, tool marks, crawling, feeding and resting traces of intertidal organisms, as
well as the feeding traces and tracks of birds. Internal sedimentary structures range
from rare dune cross-bedding to ubiquitous ripple cross-bedding in sand, through
flaser, wavy and lenticular bedding in mixed sediment, and homogenous or lami-
nated mud toward the high-water line. Bioturbation may be intense, but the pres-
ervation potential depends on the frequency and depth of reworking. The transition
from land to sea is typically marked by laminated versicolored microbial mats.
The interaction between sea-level rise and sediment supply defines the sediment
budget and hence the stratigraphy. Prograding, aggrading or transgressive systems
are easily distinguished by their stratigraphic architecture.

derived from shell-bearing organisms, especially
molluscs, forms an overall subordinate sedimentary

This chapter deals with non-vegetated or bare (inter)
tidal flat depositional systems that occur in the shelter
of coastal barriers and which are predominantly com-
posed of siliciclastic sediments (sand and mud) of ter-
rigenous origin. In these systems, bioclastic material
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component, although it may locally be enriched in the
form of shell beds and channel lag deposits. Back-
barrier tidal flats commonly occur along micro- to
mesotidal coasts (tidal ranges of ~0.3-3.5 m) in the
rear of barrier islands, and in the shelter of coastal sand
spits. Specifically excluded are carbonate tidal depos-
its (Pratt et al. 1992), intertidal sand bodies occurring
along lower courses of many barred estuaries (Dalrymple
et al. 1992), episodically flooded back-barrier wind
flats (Miller 1975; Schneider 1975), tidal lagoons
without substantial intertidal flats (Ashley 1988;
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Fig. 10.1 Global distribution of coastal barriers backed by tidal flats and/or lagoons (Amended after Pilkey 2003) in relation to tidal

regime (Modified after Flemming 2005)

Boothroyd et al. 1985), and extensively vegetated
intertidal flats (Pestrong 1972; Frey and Basan 1985),
in particular comprising cordgrass (Spartina sp.)
marshes or mangrove forests. The stratigraphy and
facies successions of these latter systems are distinctly
different from those of typical non-vegetated, back-
barrier tidal flat systems (Kraft et al. 1979), of which
the Ria Formosa along the Algarve coast of Portugal
(Pilkey et al. 1989) is a partial and the Wadden Sea
lining the coasts of The Netherlands, Germany and
Denmark a prime example (Bartholdy and Pejrup 1994;
Flemming and Davis 1994; Oost and de Boer 1994).
A comprehensive global inventory and classifica-
tion of barred tidal flat systems is currently still
lacking, but as most are associated with coastal
barrier systems, the amended global map of the latter
(Fig. 10.1) provides a reasonable, if incomplete, pic-
ture of their geographic distribution. From Fig. 10.1
itis clearly evident that barrier islands and other types
of barred coasts are not evenly distributed along the
shores of the world, the vast majority being associ-
ated with low-lying coastal plains (~72%) and river
deltas (~28%) (Pilkey 2003). In the context of global

tectonics, 49% of barrier islands are located along
trailing-edge coasts, 24% along collision coasts, and
27% along marginal sea coasts (Glaeser 1978).
Furthermore, of those located along trailing-edge
coasts, 75% occur along amero-trailing-edge, 19%
along afro-trailing-edge, and only 6% along neo-
trailing-edge coasts. These barrier systems occupy
12-13% of the world’s shoreline, the greater part
being represented by the lagoonal type where fring-
ing intertidal flats are heavily vegetated by cordgrass
(from subtropical to boreal climates) or mangrove
forests (from subtropical to tropical climates), bare
intertidal flats being reduced to narrow belts along
tidal channels.

The unique nature of bare tidal flat landscapes had
already been recognized by the Roman geographer
Pliny the Elder (ca. AD 45) who, after having person-
ally visited the Wadden Sea coast, describes it in his
epochal geographic compendium “Historia Naturalis”
as an immeasurable expanse of land inundated twice a
day by sea water and of which it was uncertain whether
it formed part of the land or the sea. Proper tidal flat
research, however, merely dates back to the first part of
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the twentieth century (Kindle 1917), especially when,
in 1928, Rudolf Richter founded the Senckenberg
Research Station forMarine Geology and Palaeontology
in Wilhelmshaven on the North Sea coast of Germany.
It was the first institution worldwide specifically
dedicated to tidal flat research (Ginsburg 1975). Earlier
studies either focused on regional physiographic
descriptions (Arends 1833), coastal barrier formation
(de Beaumont 1845), or shore processes in general
(Johnson 1919). Selections of historical benchmark
papers on barrier islands and tidal flats can be found in
Schwartz (1973) and Klein (1976). Recent summaries
of the main characteristics of tidal flats and tidal envi-
ronments can be found in Flemming (2003a, b,
2005).

10.2 Hydrological Constraints

Barrier island systems, and hence back-barrier tidal
flats, are typically restricted to tidal ranges of up to
about 3.5 m (Hayes 1979). Above this limit, the tidal
prism or water masses moving toward and away from
the coast during each tidal cycle are generally so large
that there is literally no room left for barrier islands to
exist, wave action being unable to counteract the strong
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tidal currents. The tidal prism is a function of tidal
range, basin surface area and filling efficiency, the
latter depending on the inlet cross-section (Van Veen
1950). As a consequence, barrier islands progressively
decrease in size the larger the tidal prism gets with
increasing tidal range (Oost and de Boer 1994; Davis
and Flemming 1995) before degenerating into scat-
tered ephemeral sand bank islands when a certain
limit is exceeded (Reineck 1987). Because of this,
Hayes (1979) proposed a new tidal classification in
which five subdivisions are distinguished (<1 m:
microtidal; 1-2 m: lower mesotidal; 2-3.5 m: upper
mesotidal; 3.5-5.0 m: lower macrotidal; >5.0 m: upper
macrotidal) (Fig. 10.2). It represents a refinement of
the more commonly used classification of Davies
(1964) that only distinguishes three categories (<2 m:
microtidal; 2-4 m: mesotidal; >4 m: macrotidal). The
geographic distribution of tidal ranges according to the
more detailed classification of Hayes (1979) has been
included in Fig. 10.1 and can also be found in Flemming
(2005). In addition to being morphogenetically more
meaningful, it also provides a much better spatial
resolution of tidal regimes around the world than the
older one.

As shown by Davis and Hayes (1984), a second
important hydrodynamic factor limiting barrier stability

10
Stability field of modern barrier islands Classification of Classification of
| Hayes (1979) Davies (1964)
8 UPPER
MACROTIDAL
E MACROTIDAL
o
1)
c
(ol
8
= LOWER
< MACROTIDAL
b
=
UPPER MESOTIDAL
MESOTIDAL
LOWER
MESOTIDAL
MICROTIDAL
MICROTIDAL
0

T T T
1.0 1.5 2.0

Mean wave height (m)

T
0 0.5

25

Fig. 10.2 Barrier-island stability as a function of wave climate and tidal range relative to the classification schemes of Davies

(1964) and Hayes (1979)



234

is the wave climate. Thus, sandy barriers are today
restricted to coasts exposed to mean wave heights of
less than about 2.2 m (Hayes 1979). In terms of wave
climate and tidal range, the stability field of modern
sand barriers essentially occupies the mixed wave- and
tide-dominated energy regimes (Fig. 10.2). In this
interacting, relative energy constellation the Gulf coast
of north-west Florida (NWF), for example, represents
a low wave/low tidal energy endmember, the German
Bight (GB) an intermediate wave/high tidal energy
endmember, and the barrier coast of south-eastern
Iceland (ICE) a high wave/intermediate tidal energy
endmember. To date it is not clear whether the bound-
aries of this stability field, especially the one between
the GB and ICE endmembers, are definitive or purely
fortuitous, the occurrence of gravelly barriers in
macrotidal environments suggesting that grain size
may play an important additional role (Jennings and
Coventry 1973; Hayes 1994).

In contrast to the processes along the open coast,
the tidal basins on the landward side of barriers are
predominantly controlled by tidal energy fluxes, although
wave action is an important secondary factor, as
emphasised by the ubiquitous occurrence of wave-
generated sedimentary structures. The high correla-
tions between physical parameters such as the surface
area of a tidal basin, tidal prism, tidal discharge,
inlet width, inlet cross-section, inlet depth, channel
depth, and ebb-delta area and volume document the
overriding control by the tides (Walther 1972; Jarrett
1976; Walton and Adams 1976; Hume and Herdendorf
1992; Flemming and Davis 1994; van Dongeren and
de Vriend 1994; Biegel and Hoekstra 1995; van der
Spek 1995; Williams et al. 2002). With respect to
back-barrier tidal flats, important hydrological factors
are the time/distance velocity asymmetries between
flood and ebb currents, tidal flats being generally
flood dominated, whereas deeper channels are ebb
dominated (Groen 1967; Boon and Byrne 1981;
Aubrey and Speer 1985; Speer and Aubrey 1985;
Dronkers 1986; Ridderinkhof 1988; Friedrichs and
Aubrey 1988; Friedrichs et al. 1992; Stanev et al.
2007). This has two important implications. First, the
residual current over intertidal shoals (tide-induced
drift) results in a net shoreward transport of sus-
pended sediment, a process that may be enhanced or
retarded by wind stress and wave action. An additional
factor may be the development of horizontal density
gradients over tidal flats, as recently proposed by
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Burchard et al. (2008). Suspended particulate matter
(SPM) eventually settles out in places where the
settling velocity exceeds the erosion velocity. This
process acts in conjunction with the settling lag/scour
lag mechanism (van Straaten and Kuenen 1957;
Postma 1961) which is responsible for an overall
stepwise net displacement of resuspended particles in
the direction of the flood current. By this mechanism
suspended particles settle out at high water slack tide
before being resuspended in the course of the sub-
sequent ebbing tide. As the particles require higher
velocities to be resuspended than to settle out, the
time-velocity asymmetry between the ebb and flood
phase produces a net landward transport. This mecha-
nism proceeds until a balance between settling
velocity and erosion velocity is reached. The resulting
shoreward decrease in grain size is one of the main
consequences and hence a fundamental diagnostic
criteria for intertidal deposits (e.g., van Straaten and
Kuenen 1957, 1958; Nyandwi and Flemming 1995;
Chang and Flemming 2006).

Both mechanisms outlined above may be strongly
enhanced by seasonal changes in water temperature
which, at higher latitudes, may differ by >20°C.
The higher kinematic viscosities of the seawater in
winter result in lower settling velocities of equivalent
particles, i.e. the same particles behave as coarser sedi-
ment in summer and finer sediment in winter (Anderson
1983; Krogel and Flemming 1998; Chang et al. 2006a).
That this effect is significant is demonstrated by the
fact that, for example in the Wadden Sea (>55°N),
particles with equivalent settling velocities in winter
(T <5°C) and summer (T >20°C) are spatially sepa-
rated by as much as 3 km (Fig. 10.3).

A second implication is that the channel systems of
back-barrier tidal basins are not landward-facing
flooding systems, but rather seaward-facing drainage
systems analogous to terrestrial drainage networks
(Flemming and Davis 1994). However, as the flow is
bidirectional, there are some morphological modifica-
tions associated with flow separation between the dom-
inant ebb and the subordinate flood current (Jakobsen
1962; van Straaten 1964). This flow separation is mod-
ulated by the Coriolis effect, which deflects the flow to
the right in the Northern and to the left in the Southern
Hemisphere. As a consequence, tidal channels are
frequently split longitudinally into ebb- and flood-
dominated sections that can, for example, be identified
by the corresponding orientation of larger bedforms.
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Fig. 10.3 The back-barrier energy gradient, as reflected in
the progressively shoreward decreasing mean settling velocity
of the sediment (Modified after Flemming 2002). Note the

Tidal flow patterns and suspended matter transport in
back-barrier tidal basins have to date been successfully
simulated over a number of tidal cycles (Stanev et al.
2007, 2009; Lettman et al. 2009). In addition, prom-
ising advances in morphodynamic modeling on
decadal to millennial time scales have been made in
recent years (Fortunato and Oliveira 2004; Dastgheib
et al. 2008; van der Wegen and Roelvink 2008;
Dissanayake et al. 2009; Ganju et al. 2009; van der
Wegen et al. 2010).

As mentioned above, wave action is an important
secondary hydrodynamic factor on tidal flats. Indeed,
it is doubtful whether barrier islands, supratidal flats
and a number of other coastal environments located
above the spring high-tide level would exist at all with-
out the influence of waves. In the case of back-barrier
tidal flats, longer-period open ocean swells (T>8 s)
and wind waves (T=4-7 s) penetrating tidal inlets
loose as much as 95% of their energy through friction
and breaking when crossing the ebb-deltas (Lettmann
et al. 2009). As a consequence, back-barrier sedimen-
tary processes are more strongly influenced by locally
generated short-period wind waves (T=2-3 s). This is
reflected by the preponderance of small-scale wave
ripples in both intertidal sand and mud deposits (Davis
and Flemming 1995).

pronounced spatial displacement between the summer (high
water temperature, low kinematic viscosity) and winter (low water
temperature, high kinematic viscosity) gradient

10.3 Morphology, Sedimentology
and Mass Physical Properties

10.3.1 Morphological Characteristics

Back-barrier tidal basins are typically bounded by
barrier islands on the seaward side and the mainland
coast on the landward side. Laterally they are sepa-
rated from neighbouring tidal basins by slightly elevated
watersheds (tidal divides). The location of the water-
sheds depends on the angle of approach of the tidal
wave relative to the orientation of the coast. If the tide
approaches normal to the coast, the watersheds are
located midway between the two heads of the islands.
However, the more acute the angle of approach, the
stronger the displacement of the watersheds in the
direction of tidal wave propagation. In the case of
Fig. 10.4, for example, the tidal wave approaches from
the left (west), as a consequence of which the water-
sheds are displaced toward the right (east). As a rule of
thumb, the watersheds are located where two separat-
ing flow paths at the head of the tidal wave meet at
high tide behind the islands after having travelled
roughly equal distances through adjacent inlets.
Individual back-barrier tidal basins are composed
of a number of characteristic morphological elements.
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German Bight

Fig. 10.4 Typical morphological elements of a barrier island
depositional system, here illustrated by an example from the
German Wadden Sea. / ebb-delta, 2 main ebb channel, 3 marginal
flood channels, 4 inlet with back-barrier channel system, 5 flood

This is illustrated by an example from the Wadden Sea
(Fig. 10.4, inset). The depositional system begins on
the seaward side of an inlet with an ebb-delta shoal
(marked 1 in the inset of Fig. 10.4), which is subdi-
vided by a central ebb channel (2) and marginal flood
channels (3) that converge on the inlet (4). Inlets typi-
cally reach depths of 15-30 m, in exceptional circum-
stances up to 50 m, the depth being highly correlated
with the tidal prism (Oost and de Boer 1994; van der
Spek 1995). The same relationship applies to any loca-
tion of the intra-basin channels and the fractional tidal
prism discharging through that location (van der Spek
1995). In many respects the tidal channel systems
comply with the morphometric rules known from flu-
vial drainage systems (Hack 1957; Leopold et al. 1964;
Flemming and Davis 1994; Rinaldo et al. 2004).

The tidal drainage systems are cut into what are
known as the back-barrier tidal flats. These can be sub-
divided into a number of morpho-sedimentological
units that reflect particular hydrodynamic processes, in
particular the shoreward decreasing energy gradient.
As evident from Fig. 10.4, the intertidal flats at low
tide occupy a much larger area than the tidal channels,
a feature that distinguishes these systems from back-
barrier lagoonal systems where the water-covered area
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ramp, 6 overwash fans, 7 back-barrier salt marsh and microbial
mats, 8 sand flats, 9 mixed flats, /0 mud flats, yellow dotted line:
tidal watersheds

at low tide is much larger than that of the fringing
intertidal flats. It is possibly due to this fact that the
type of back-barrier tidal flat system discussed here
(cf. Fig. 10.4) does not display morphologically dis-
tinct flood deltas sensu Hayes (1979). They are instead
replaced by ‘flood ramps’ (5) located along the outer
margins of tidal-flat sand bodies facing the inlet.
These ramps are barely visible on the ground but can
be clearly identified on aerial photographs or satellite
images by their lobate or crescentic shapes and the
lighter colour of the sediment that is typical for highly
mobile, drained sand that is almost devoid of biologi-
cal activity. In contrast to classical flood deltas, flood
ramps represent the current- and wave-reshaped mar-
gins of tidal flat sand bodies opposite the inlet.

The tidal flats and salt marshes in the rear of the
islands are shaped by overwash fans (6) composed of
beach sand transported across the islands during
storms. On the aerial photograph in Fig. 10.5, two gen-
erations of such fans can be seen. The larger ones stem
from storm events at a time when the facing part of the
island was occupied by a bare supratidal flat without a
protective eolian dune belt (pre-1962). Overwash
activity during storms was thus unimpeded, resulting
in large fans. After the establishment of a dune belt,
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Fig. 10.5 Aerial view of a barrier island showing the location
of overwash fans (Spiekeroog island, East Frisian Wadden Sea).
Note the large fans that formed without obstruction of an eolian

salt marshes (7 in inset of Fig. 10.4) rapidly spread
eastward and overwash activity thus became channel-
ized through breaches in the dune belt, resulting in a
larger number of smaller fans terminating in the salt
marshes. Of particular interest here is the remarkably
regular spacing of the breaches, which suggest a
genetic link with resonant processes in the surf zone
(Flemming and Davis 1994). The lobate overwash
splays on the upper tidal flats are not very thick and
hence difficult to identify on the ground. However,
besides clear evidence on aerial photographs (e.g.,
Fig. 10.5), they can also be recognised by their grain-size
composition, which is essentially identical to that of
the adjacent beach sand (Flemming and Ziegler 1995).
Within the back-barrier salt marsh, recent overwash
activity is highlighted by distinctly laminated, decime-
tre thick sand layers penetrated by the stems and roots
of salt marsh plants.

Toward the mainland shore follow the tidal flats
proper. These comprise sand flats (8), mixed flats
(9) and mud flats (10) (cf. Fig. 10.4). While the margins
of sand flats slope more steeply toward the channels,
they are almost level some distance away at elevations
just below mean sea level. Along many channel margins,
sand flats display slightly elevated levees formed by
the interaction of tidal currents and wave action. Mixed
flats and mud flats, by contrast, gradually rise toward

e
.

ebb

-
o

dune belt (here pre-1962) in comparison to the much smaller
fans that formed after the establishment of the dune belt
(post-1962)

the mean high water mark, convex profiles indicating
accretion, concave ones erosion (Kirby 2000). As
illustrated in Fig. 10.3, this sedimentary facies pro-
gression is hydrodynamically finely tuned, the energy
gradient being associated with a progressive reduction
in particle settling velocity.

10.3.2 Sedimentological Characteristics

In addition to indicators for emergence, the most strik-
ing feature of tidal flats is the pronounced shoreward
fining in grain size. In effect this means that grain-size
distributions gradually shift from coarser to finer mean
diameters (Bartholomé and Flemming 2007), settling
velocity data being generally more sensitive than sieve
data because of the hydraulic sorting process (Flemming
2007). This shift in mean grain size implies a gradual
change in the textural composition of the sediments. In
order to describe such sediments in a consistent way, a
variety of classification schemes have been devised,
ternary sand/silt/clay diagrams having been the most
commonly used ones (Shepard 1954; Folk 1954).
Because the determination of silt and clay content is
technically demanding, a simpler two-component
classification based on routinely determined mud con-
tent has recently been proposed by Flemming (2000).
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Fig. 10.6 Sediment classification based on sand/mud ratios
(After Flemming 2000)

It allows the distinction of six sediment types
(Fig. 10.6). These are: sand (<5% mud), slightly muddy
sand (5-25% mud), muddy sand (25-50% mud), sandy
mud (50-75% mud), slightly sandy mud (75-95%
mud), and mud (>95% mud). The scheme provides a
good spatial resolution of textural sediment composi-
tion, the textural classes also forming good descriptors
of sedimentary environments or facies. For example,
an intertidal area consisting of muddy sand would be
called a ‘muddy sand flat’ or a ‘muddy sand facies’,
etc. A more detailed scheme based on sand/silt/clay
ratios, constructed by adding lines to the diagram of
Fig. 10.6 fanning out from the sand endmember
toward the silt-clay baseline, can be found in
Flemming (2000).

In the past, it was generally thought that mixed sed-
iments were immature, being principally more poorly
sorted than sand. In recent years, however, it has been
recognised that mud is composed of two major particle
groups, one comprising non-cohesive ‘sortable’ silt
(McCave et al. 1995) consisting of particles coarser
than about 8 um (medium, coarse and very coarse silt),
the other comprising flocs and aggregates consisting of
particles finer than about 8 um (fine silt, very fine silt,
and clay) (Chang et al. 2007). The aggregated nature
of suspended sediment is illustrated in Fig. 10.7, in
which a laser-based in situ size distribution (a) is com-
pared with that of a dispersed sample (b) collected at
the same location.

As the aggregates also get size-sorted according
to the principle of hydraulic equivalence, they are
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deposited together with mineral grains (sand, sortable
silt) having similar settling velocities. Field evidence
suggests that the largest aggregates have equivalent
‘grain sizes’ corresponding to sand grains about
180 pum in diameter (fine sand) (Chang et al. 2007). As
a consequence, the mud content of the sediment gradu-
ally increases toward finer-grained sediments in accor-
dance with the rapidly increasing number of smaller
aggregates having lower settling velocities than the
larger ones. Once deposited, the aggregates are mixed
into the ambient sediment, which will become increas-
ingly more cohesive once the clay content of the total
sediment exceeds 5-10% (van Ledden et al. 2004).
Laboratory analyses of dispersed mud thus introduce
mechanical artefacts into grain-size distributions that
suggest poor sorting. In hydraulic terms, such sedi-
ments are actually very well sorted, the standard devia-
tion of the sand fraction being a good approximation
of the ‘true’ sorting of the total sediment. The deposi-
tion of mud on tidal flats is thus controlled by the set-
tling velocities of the differently sized flocs and
aggregates and not by those of the constituent particles.
At a water temperature of 18°C the critical lower size
limit for individual ‘sortable’ silt particles (8 pm) cor-
responds to a settling velocity of ~0.01 cm s™', smaller
particles being rapidly scavenged to be incorporated
into aggregates ranging from floccules to fecal pellets.
Conceptually this is in excellent agreement with ear-
lier findings about the settling velocity of suspended
matter in a variety of environments (Nichols and Biggs
1985, based on data of Migniot 1968; Haven and
Morales-Alamo 1968; Owen 1971, and Krone 1972)
(Fig. 10.8).

The diagram in Fig. 10.8 shows the settling velocity
range of dispersed clay particles at 18°C relative to
that of composite particles (flocs and aggregates) in
quiet and turbulent water, as well as that of fecal pellets.
The corresponding equivalent grain size of quartz
spheres shows that the bulk of aggregated material
generally exceeds the critical size, fecal pellets and
some of the flocs and aggregates being hydraulically
equivalent to grain sizes as large as fine sand. While
sortable silt particles, as in the case of sand, respond in
a predictable way to changing hydrodynamic condi-
tions, flocs and aggregates constantly change their size
and composition in the course of transport, deposition
and resuspension due to continually changing shear
forces in the course of a tidal cycle (Chang et al.
2006b). Because the number of aggregates increases
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Fig. 10.8 Settling velocities and corresponding grain sizes of
hydraulically equivalent quartz spheres of dispersed clay parti-
cles, flocs and aggregates in quiet and turbulent water, as well as
fecal pellets (Modified after Nichols and Biggs 1985; based on
data of Migniot 1968; Haven and Morales-Alamo 1968; Owen
1971; and Krone 1972). Note that the bulk of aggregated mate-
rial exceeds the critical size of 8 um. The arrows indicate con-
tinuous exchange in the course of aggregation and disaggregation
in response to changes in current shear and bioactivity

et al. 2007). It is clearly evident that the bulk of the suspended
material consists of a wide range of differently sized aggregates
which, when disaggregated, is seen to be primarily composed of
constituent particles <10 pm in size

rapidly with decreasing size, the gradual increase in
mud content in the direction of the energy gradient is
plausibly explained.

The partitioning of mud into two fundamentally dif-
ferent particle groups challenges the conventional wis-
dom of plotting sand/silt/clay ratios in ternary diagrams
and suggests that important information may also be
gained from plotting the ratios of sand, sortable silt
(8-63 pum fraction), and flocs & aggregates (<8 pum
fraction). This is illustrated by the two comparative
plots in Fig. 10.9 that were generated from the same
Wadden Sea dataset. While the conventional plot
(a) shows a silt-clay partitioning at proportions of
about 37-63%, the modified plot (b) reveals that, in
this particular example, sortable silt and aggregated
material contribute about equal amounts to the mud
fraction of the back-barrier tidal basin.

The ternary diagrams in Fig. 10.9 show that sedi-
ment composition in back-barrier tidal basins is repre-
sented by narrow bands extending across the entire
spectrum of sedimentary facies from sand to mud as
defined in Fig. 10.6. Such trends are typical of many
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Fig. 10.9 Ternary diagram of sand/silt/clay ratios (a) and sand/
sortable silt/flocs & aggregates (b) observed in a back-barrier
tidal basin of the German Wadden Sea. Note the 50/50 partitioning

mixed sedimentary environments (Flemming 2000).
At the same time the progression reveals energy gradi-
ents from sand to mud, on one hand, and between silt
and clay, on the other (cf. Pejrup 1988; Molinaroli
et al. 2009). In diagram a, the position of the data band
between the silt and clay endmembers suggests a rela-
tively exposed depositional environment, whereas in
diagram b it occupies a more intermediate energy
position. Which of the diagrams is hydraulically more
relevant in this context requires further investigation as
comparative data for the case b are currently lacking.
Nevertheless, in both cases the grain-size composition
allows a relative energy classification of the environ-
ment (Flemming 2000; Molinaroli et al. 2009).

10.3.3 Mass Physical Sediment Properties

Sedimentary environments such as back-barrier tidal
flats are highly dynamic systems that constantly change
their outward appearance in response to energy fluc-
tuations, on a regular basis in the course of the spring-
neap tidal cycle and episodically by sediment reworking
during storms. To quantify such changes, the import
and/or export of material to or from a tidal flat area is
commonly achieved by repeated elevation surveys with
subsequent calculation of volume changes between
surveys. The volume changes then need to be converted
into material masses. This is achieved by determining
critical mass physical sediment properties. Important

95SILT SAND 5 25 50 75
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<8 um (flocs & aggregates)
5

8-63 um
95 (sortable silt)

of sortable silt and aggregates in the latter case, as opposed to a
63/37 partitioning of silt and clay in the former case (Based on
Chang et al. 2007; subdivisions after Flemming 2000)

parameters in this context are wet and dry bulk densities,
porosity, water content, and organic matter content.
Mass balancing exercises are particularly important
in disciplines such as sedimentology, geochemistry,
biology, microbiology, and biochemistry. Good exam-
ples can be found in Bartholomai et al. (2000) for the
import and export of sand and mud, and in Delafontaine
et al. (2000) for organic matter.

In tidal flat environments, both wet and dry bulk
density have been found to be highly correlated with
mud content and average values of the former can thus
be calculated from the latter on the basis of regression
analyses. Examples from the Wadden Sea are shown
in Fig. 10.10. From the calibration curves it can be
seen that pure sand has an average wet bulk density
(BD,) of ~2.0 gem™ and a corresponding dry bulk
density (BD,) of ~1.6 gcm™. At the other end, the wet
and dry bulk densities of pure mud are ~1.2 and
~0.3 gem3, respectively. More precise average values
can be calculated on the basis of the regression equa-
tions. Although the Wadden Sea trends should be gen-
erally valid for many other tidal flat systems composed
of terrigenous material (quartz, feldspar, rock frag-
ments, carbonate, clay minerals), it is nevertheless
advisable to establish separate calibration curves for
other areas, especially if organic matter contents are
high (Delafontaine et al. 2004).

Wet and dry bulk densities can also be determined
from the water content (Wc) of intertidal sediments.
Anexample for dry bulk density isillustrated in Fig. 10.11.
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Fig.10.10 Relationship between mud content and wet (a) and dry (b) bulk densities in Wadden Sea sediments (Based on Flemming
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Fig. 10.11 Relationship between dry bulk density and absolute
water content in intertidal sediments of the Wadden Sea (Based
on Flemming and Delafontaine 2000). Note the very high
correlation. The relationship has universal character for average
terrigenous material

As can be seen, the correlation is superior to that for
mud content (Fig. 10.10b) and, for average terrigenous
material (§=2.65 gcm™3), this relationship has uni-
versal character (cf. regression equation in Fig. 10.11).
It is important, however, to carefully distinguish

between absolute and relative water contents, the
former being defined as the ratio between the mass of
pore water and the mass of the total water-saturated
sample, the latter as the ratio between the mass of pore
water and the mass of the dry solids. Relative water
content can reach several hundred percent, i.e. the
mass of the water can greatly exceed the mass of the
dry solids, whereas the absolute water content is always
a fraction of one-hundred. Relative water content
<100% can therefore be confused with absolute con-
tent if not identified as such. Excellent treatments of
these and other mass physical properties can be found
in Lambe and Whitman (1969), Carver (1971),
Inderbitzen (1974), Dunn et al. (1980), Hillel (1998),
and Warrick (2002).

Mass concentrations of sand and mud relative to
the total sediment (sand+mud) are illustrated in
Fig. 10.12a. Of particular interest here is the counter-
intuitive trend described by the dry mass concentration
of the mud component (Fig. 10.12b). Thus, with
increasing mud content, the mass concentration of
mud initially increases as would intuitively be expected.
At higher mud content, however, the trend changes in
an unexpected manner, i.e. it flattens off, peaks (in this
case at a mud content of about 60%), and thereafter
decreases again. This counter-intuitive trend is caused
by a progressive change in the network structure or
fabric of the sediment as the water content increases
with increasing mud content. Beyond the apex of the
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Fig. 10.12 Dry mass concentrations of sand and mud relative
to the total sediment (a). Note the counter-intuitive trend in the
progression of the mud component (b) which reverses after

regression curve, the network structure is very loose,
being merely supported by flocs and aggregates. As
sand is added, the grains initially fill the voids by
expelling water without breaking down the network
structure that results in a proportional increase in the
mass concentration of mud. This continues up to the
apex point where the sand content in this case is about
40%. As this limit is approached, the network structure
begins to break down and the sediment is increasingly
grain supported, water and mud now filling the voids
between the sand grains. In effect this means that, in a
unit volume of intertidal sediment, the mass concentra-
tion of mud in sediment consisting of pure mud (>95%
mud content) is equal to that at mud contents as low as
25%, while the highest mass concentration of mud is
registered at the apex of the regression curve. As in the
case of bulk density, other tidal flat environments may
have slightly different trends to the Wadden Sea exam-
ple shown here. If required, corresponding calibration
curves should therefore be established for other tidal
flat environments.

The unexpected trend observed in mud mass con-
centration has far-reaching implications because any
other parameter linked to the mud fraction (e.g.,
organic matter, trace elements, pollutants) will by
necessity follow a similar trend. Contrary to common
perception, highest mass concentrations of mud, and
hence of any substances linked to the mud fraction, are
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peaking around 60% in this dataset from the Wadden Sea (Based
on Flemming and Delafontaine 2000)

found in mixed sediments (muddy sand and sandy
mud) and not in pure mud. This potentially confusing
issue and its pitfalls are discussed in detail by Flemming
and Delafontaine (2000). A particularly common mis-
take is to relate measures of concentration, i.e. masses
per unit volume or area, e.g., animal density per m?, to
measures of content, i.e. masses per unit mass, e.g.
weight-% organic matter. By ignoring the dimensional
incompatibility between contents and concentrations,
it goes unnoticed that corresponding masses occupy
increasingly larger volumes as the water content and
the mud content increases. Thus, the volume occupied
by a unit mass of pure mud with a dry bulk density
~0.3 gem™ is more than five times larger than that
occupied by the same mass of pure sand having a dry
bulk density ~1.6 gcm™. For organic carbon, which is
a measure commonly associated with the amount of
food available to organisms, this disparity is illustrated
in Fig. 10.13. The positive correlation between POC
content and mud content (Fig. 10.13a) is commonly
assumed to indicate that the largest amount of food is
contained in pure mud as reflected by the highest POC
content. However, as in the case of mud mass concen-
tration (Fig. 10.12b), the relationship between POC
mass concentration and mud content (Fig. 10.13b)
clearly demonstrates that this assumption is wrong, the
amount of POC per unit volume of sediment that
corresponds to the dimensional measure for animal



10 Siliciclastic Back-Barrier Tidal Flats

a 25

POC contentmud = 2.173% =P,

N
o
1

POC% =0.106 + 0.021(Mc%)

-
[3,]
1

POC content (dry weight-%)
P
1

o
(4.}
1

“@— POC content sand = 0.106%
0.0 T T T T T T T T T

0 20 40 60 80
Mud content (dry weight-%)

100

Fig. 10.13 Comparison of the trends in organic carbon con-
tent (a) and organic carbon concentration (b) as a function of
mud content (data points omitted for clarity) (Based on

density being identical at 18% mud content, and up to
50% larger at intermediate mud content, in comparison
to that at 100%. As pointed out earlier, this would also
apply to any other sediment component linked to the
mud fraction, e.g. heavy metals, trace elements, organic
pollutants, toxic substances.

A mass physical property of intertidal sediment that
plays an important role in the mobility or stability, i.e.
the erosion resistance, of sediment, is the shear strength
of the substrate. This parameter is conveniently deter-
mined in the field by a so-called vane shear apparatus
where cross-vanes of different dimensions are cali-
brated such as to provide the shear strength upon yield
after being inserted into the sediment and twisted
against the resistance of a spring. Shear strength of
intertidal sediment in relation to mud content, porosity,
wet bulk density, and dry bulk density is illustrated in
Fig. 10.14. Overall, the shear strength of intertidal
sediment decreases with increasing mud content and
porosity, and consequently increases with increasing
wet and dry bulk density. Two features in the illustrated
trends are of particular interest here. First, in all four
cases, the highest and lowest shear strength for any
value of the other parameter is well defined in what
could be called an upper and lower boundary criterion.
Both have a similar positive or negative trend as the
mean trend line that would be defined by a regression
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Flemming and Delafontaine 2000). Note the similarity of the
POC concentration curve to that of mud mass concentration in
Fig. 10.12b

analysis. In the case of mud content this means that for
each of the criteria (i.e. upper boundary, mean, lower
boundary) the shear strength progressively decreases
as mud content increases, the reverse being true for
bulk density. This applies in corresponding manner to
any other correlating parameter.

The other interesting feature is the increasing range
in shear strength (increasing standard deviation)
toward lower mud content and porosity, and higher
bulk density. The increasing scatter of the data points
reflects an increasing variability in the degree of com-
paction (grain packing density) toward more sandy
sediments. This is not unexpected as the hydrody-
namic energy also increases toward higher sand con-
tent. The trends therefore trace the shoreward energy
gradient together with its local variability, which is
highest in sand. Thus, wave-compacted sands will
have relatively high shear strength, whereas water-
logged sand will display a shear strength that may be
as low as that at intermediate to high mud content.
Excluded from these examples is dewatered mud
commonly found in the subsurface of mixed flats, in
channel-fill sequences, and between the neap and
spring high-tide level where desiccation over the
neap-tide period results in compaction and corre-
sponding higher bulk density associated with lower
porosity and water content.
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Fig.10.14 Shear strength as a function of mud content (a), porosity
(b), wet bulk density (c), and dry bulk density (d). Note the
clearly defined maximum and minimum shear strengths for any

10.4 Depositional Facies
and Sedimentary Structures

Barrier island depositional systems include a variety of
facies that are intimately related to the morphological
elements illustrated in Fig. 10.4. In the course of vertical
accretion, the individual facies take on the form of three-
dimensional, interfingering sedimentary units that define
the internal architecture of the depositional system. In
Fig. 10.15, the most important sedimentary units of
back-barrier tidal flats are illustrated in a schematic
geological cross-section of a Holocene barrier system
(Fig. 10.15) that is aligned perpendicular to the shore and
cuts through the middle section of a typical barrier island
system of the Wadden Sea. Similar examples can be
found in van Straaten (1964), Reineck and Singh (1980),
Beets et al. (1996), and Vos and van Kesteren (2000).
The base of the depositional system is commonly
formed by an erosional unconformity (here above
Pleistocene deposits). In some places, pre-existing and
partly eroded brackish-water deposits and basal peat
can still be found. On the seaward side, the barrier
system commences with shoreface/beach/eolian dune
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value of the given parameters, and the increasing range (standard
deviation) in shear strength with decreasing mud content and
porosity, but increasing bulk density (Based on Xu 2000)

or shoreface/ebb-delta/inlet deposits not shown here,
depending on where the cross-section is located relative
to the barrier shoreline. The bulk of the back-barrier
depositional system consists of channel fills and tidal-
flat deposits, the latter getting progressively finer-grained
toward the mainland shore. The land-sea transition is
commonly marked by extensive salt marsh deposits. In
the immediate rear of the coastal barriers, salt marshes
and overwash deposits complete the depositional
sequence. Intercalated brackish-water deposits and
peat horizons may occur up to variable distances from
the mainland shore, indicating temporary sea-level still-
stands or short-lived regressions. Superimposed on
this depositional system is a variety of biofacies com-
prising particular invertebrate animal communities
adapted to exist in particular parts of the system (Frey
and Howard 1969; Schifer 1972; Howard and Frey
1975; Hertweck 1994). In addition to depending on the
geographic (climatic) location, the community struc-
ture also depends on the energy gradient (current and
wave exposure), on the tidal gradient (exposure or
immersion period), and on sediment composition,
including organic matter (food resources). Many of
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Fig. 10.15 Schematic geological cross-section through a
transgressive barrier island depositional system as exemplified
by the Wadden Sea and showing typically stacked sedimentary

these organisms are shell-producing and hence
contribute to the total and bioclastic material budgets
of the back-barrier depositional system. In addition,
most of the organisms are responsible for a partial or
complete destruction of primary sedimentary structures
up to the depth of their burrowing and feeding activity.
This ‘bioturbation’ process also includes the activity of
some higher order animals such as birds and fish.

In a geological context, bioturbation and the pro-
duction of bioclastic material are tidal flat attributes
that have only evolved in the course of the Phanerozoic
(600 Ma BP - Present), older (Precambrian) deposits
being generally devoid of such features. Finally, any
list of biological influences would be incomplete if
algal and bacterial activity were omitted. In this con-
text, true algal mats, which consist predominantly of
green algae and mostly occur on muddy tidal flats and
in salt marsh pools, must be distinguished from mats
produced around the mean high-water level by so-
called ‘blue-green algae’ (cyanobacteria). These latter
mats should correctly be referred to as ‘microbial’
mats (e.g., Gerdes and Krumbein 1987; Noffke 2010).

At smaller spatial scales, the basic depositional
building blocks of back-barrier tidal flat systems
outlined above are characterized by a large variety of

facies relating to particular coastal environments and facies
(Modified after Streif 1990)

physical and biological surface structures as well as
internal sedimentary structures which, if comprehen-
sively illustrated, would fill a whole book. Good
summaries of typical clastic tidal facies and their
sedimentary structures can be found in de Raaf and
Boersma (1971), Klein (1977), and Reineck and Singh
(1980), while biogenic structures and ichnofacies of
temperate tidal environments are comprehensively dealt
with in Schifer (1972). For the purpose of this contribu-
tion, a selection of features is presented that, alone or in
combination, have some degree of diagnostic power in
identifying tidal flat deposits in the rock record.

10.4.1 Biological Surface Structures

The evolution of organisms in the course of the
Phanerozoic, and their frequent adaptation to specific
environmental conditions, has greatly facilitated the
identification of particular depositional environments
in the rock record. Intertidal flats are no exception in
this context.

In Fig. 10.16a, a well preserved and still rooted tree
stump in the middle of an intertidal flat suggests
transgressive inundation in the East Frisian Wadden
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Fig.10.16 Evidence for biological activity on tidal flats. (a) Rooted
tree stump; (b) Shell lag together with articulated bivalve shells
in live position (Mya arenaria); (¢) Protruding polychaete tubes
(Lanice conchilega) together with bird tracks and crawling
traces of intertidal snails; (d) Sandy mud flat colonised by juve-
nile bivalves (Cerastoderma edule) living just beneath the sedi-
ment surface. Note bird track at the top and the uniformly
aligned mounds and streaks indicating current flow from lower
right to upper left; (e) Muddy sand flat with small polychaete

fecal mounds (Heteromastus filiformis). Note the bird tracks and
the current-aligned streaks emanating from the fecal heaps (cur-
rent from bottom to top); (f) Slightly muddy sand flat colonised
by Arenicola marina (large stringy fecal heaps) and Heteromastus
filiformis (small gray fecal patches). Note patches of diatoms
(brownish discoloration) producing gas bubbles (oxygen);
(g) Feeding hollows created by trampling seagulls; similar
hollows are made by rays; (h) Feeding hummocks created by
flamingos (here in Langebaan Lagoon, South Africa)
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Sea, Germany. Of similar diagnostic potential are
organisms that only occur in intertidal environments,
especially when preserved in live position such as the
bivalve Mya arenaria in Fig. 10.16b. More difficult to
assign to a tidal flat setting are organisms that also live
subtidally. In such cases, additional evidence is
required to diagnose an intertidal setting. The poly-
chaete Lanice conchilega in Fig. 10.16c¢ is a case in
point. It is only in conjunction with other diagnostic
criteria such as bird tracks that an intertidal setting can
be allocated with some degree of confidence. The same
applies tothe cockle orheart mussel (here Cerastoderma
edule) that lives just below the sediment surface
and that can be recognised by the bumpy surface or
the scars produced by slightly protruding shells
(Fig. 10.16d). Similarly, while the presence of the poly-
chaete Heteromastus filiformis is betrayed by the occur-
rence of small (black or gray) fecal heaps on the surface
of modern tidal flats (Fig. 10.16e), it would be the bird
tracks on the same bedding plane that would identify
the depositional environment as being intertidal in the
rock record. In principle this also applies to the lug-
worm Arenicola marina (Fig. 10.16f), here in commu-
nity with Heteromastus. Circular resting hollows of
rays or feeding hollows of wading birds (Fig. 10.16g,
here seagulls) and feeding hummocks created by fla-
mingos (Fig. 10.16h, here in Langebaan Lagoon, South
Africa) complete the picture.

Considering that large-scale exposures of fossil
bedding planes are relatively rare in comparison to
vertical sections, it is inherently difficult to identify
intertidal settings with confidence in the rock record
on the basis of surface structures alone unless addi-
tional unequivocal diagnostic evidence is available.
Such evidence includes late-stage emergence runoff
features and traces of organisms restricted to the inter-
tidal, including the tracks and feeding structures of
wading birds. In cold climates, such evidence would in
addition encompass tool marks induced by moving ice
floes. In all other cases, it would be the association of
a multitude of features which, by application of the
exclusion principle, could eventually justify a decision
in favour of a particular environment.

10.4.2 Physical Surface Structures

Prominent physical surface structures frequently
observed on tidal flats include wave and current ripples
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that display features characteristic of very shallow
water and late-stage emergence. Prominent among
these are extensive sheets of symmetrical and asym-
metrical wave ripples (Fig. 10.17a). Because ripples
also occur in subtidal environments, one should in
addition look for evidence of late-stage emergence.
Such features include ladderback ripples (Fig. 10.17b),
especially where smaller trough-bound wave ripples
aligned perpendicular to the larger ripple crests are
associated with water-level marks (Fig. 10.17¢c). The
small wave ripples in the troughs in Fig. 10.17¢ formed
when the water level had dropped below the crest level
of the larger ripples but before the water-level marks
formed which later dissected the crests of the small
ripples where they merge with the steep slopes of the
larger ones.

Features formed during late-stage run-off are par-
ticularly diagnostic for emergence at low tide. Among
these are narrow streams of linguoid current ripples
dissecting wave-rippled surfaces, the crests of the
latter having in this case been flattened just before
emergence (Fig. 10.17d). Shallow, laterally migrating
intertidal creeks are commonly paved by shell beds
(Fig. 10.17e), in this case overlain by narrow sand rib-
bons formed during upper-plane-bed flow shortly
before emergence. It should be noted here, however,
that shell concentrations can also result from the bur-
rowing activity of intertidal organisms, in particular
Arenicola marina (van Straaten 1952). Near steeper
channel margins, such creeks display a multitude of
late-stage runoff features such as scour pits around
shells, grooves, rill marks, microbars and small fan
structures (Fig. 10.17f).

Wave- and current-generated ripples are frequently
observed in muddy sediments upon exposure at low
tide (Fig. 10.17g). This contradicts the common per-
ception that such bedforms do not form in fine-grained
sediments. Their occurrence has been explained by the
aggregated nature of the mud during transport and
deposition, the aggregates and also fecal pellets initially
responding to waves and currents as non-cohesive par-
ticles would, similar to the fine or very fine sand to
which they are hydraulically equivalent (Schieber and
Southard 2009). In contrast to rippled mud, tidal flat
surfaces may locally become draped by thin blankets
of fluid mud (Fig. 10.17h) that often display erosional
windows revealing the underlying sediment together
with any surface structures on them (in this case wave
ripples). An analogous feature can be observed in
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Fig. 10.17 Physical surface structures frequently observed on
tidal flats. (a) Asymmetrical wave ripples; (b) Ladderback ripples;
(¢) Small wave ripples in the troughs of larger ripples and water-
level marks; (d) Late-stage runoff with linguoid current ripples
dissecting a field of flat-crested wave ripples; (e) Shallow intertidal
creek with small sand ribbons over shell pavement; (f) Late-stage

sandy sediment where a rippled surface is overlain
by slightly elevated, smooth-topped sand patches
(Fig. 10.17j). These patches are the remnants of an
eroded sand sheet that was locally stabilized by dia-
toms. The lower surface was subsequently covered by
wave ripples, whereas the surfaces of the elevated
patches were smoothed by wind-induced washover
shortly before emergence.

runoff features; (g) Current ripples in mud; (h) Thin fluid mud
sheet with scour windows displaying ripples on the surface of
underlying sand. (i) Circular tool mark formed by the rotation of
a protruding polychaete tube. Note the bird tracks surrounding
the structure; (j) Rippled sand bed with patchy wash-outs formed
shortly before emergence; (k) Intertidal dunes; (1) Shell pavement

Tool marks are less frequent than other surface
structures on tidal flats but may on occasion be encoun-
tered where driftwood or dislodged algae have scraped
or rolled across the sediment surface in shallow water.
In contrast to this, a large variety of scour, prod and
roll marks induced by drifting ice floes are ubiquitous
on tidal flats in cold regions (Dionne 1974; Reineck
1976; Dionne 1988; Pejrup and Andersen 2000). A rather
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unusual concentric tool mark is illustrated in Fig. 10.171
where a protruding polychaete tube has excavated a
circular groove around its holdfast (diameter ca.
20 cm). Larger-scale current-generated features on
tidal flats are represented by 2D and 3D dunes
(Fig. 10.17k) that, in back-barrier tidal basins, are usu-
ally best developed at spring tide. Upon emergence,
the dunes commonly display well-developed water-level
marks along their steep slipfaces. Finally, extensive
and often very selective shell beds swept together by
wave action, in contrast to current-generated lag deposits,
can be found locally on more exposed parts of inter-
tidal flats (Fig. 10.171).

10.4.3 Internal Sedimentary Structures

Reconstruction of ancient depositional environments
is commonly based on the interpretation of internal
sedimentary structures, bedding types, and stratifica-
tion sequences observed in rock outcrops or cores. In
modern environments, internal structures are either
visualized by trenching and preparation of lacquer
peels or, where conditions prevent this, by coring and
preparation of relief casts using suitable resins (e.g.,
Bouma 1969). Due to the water-saturated nature of the
sediments, coring is the only feasible procedure in
tidal flat research. While sedimentary structures are
well preserved in cores, they have the disadvantage of
only revealing narrow sections of laterally more exten-
sive structures.

In spite of this, the systematic preparation of both
short box-cores since the 1950s and longer vibro-cores
since the late 1970s has revolutionized our understand-
ing of tidal flat deposits (Reineck and Singh 1980).
This is illustrated in Fig. 10.18 by a small selection of
relief casts ranging from exposed sand flats to pro-
tected salt marshes. As mentioned earlier, small sub-
aqueous dunes are best developed along the
ebb-dominated, outer tips of flood ramps on sand bod-
ies facing the inlet. This is exemplified by the cross-
bedding in Fig. 10.18a where the flow was dominated
by the current flowing from right to left. The tangential
cross-beds are indicative of 3D dunes and hence rela-
tively strong flow as opposed to planar cross-beds
indicative of 2D dunes and weaker flow. Considerably
weaker and more evenly distributed bidirectional cur-
rents of uniform strength are reflected in the sequences
of vertically-stacked herringbone cross-stratified units
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in Fig. 10.18b. The term ‘herringbone’ is strictly
reserved for sets of ripple cross-stratified beds displaying
opposing dip directions formed in the course of indi-
vidual ebb-flood or flood-ebb cycles. Not all opposing
cross-beds comply with this definition because indi-
vidual units may be separated by hiatuses of varying
duration. Furthermore, misinterpretations can result
where bidirectional currents are wrongly inferred from
trough cross-beds cutting each other at odd angles
(Reineck and Singh 1980).

A typical stratification sequence found along shal-
low, migrating intertidal creeks is illustrated in
Fig. 10.18c where the partly excavated and still articu-
lated shells of Mya arenaria in live position protrude
through a shell lag deposit that accrued as a tidal creek
migrated across it. The core reflects in a remarkable
way the subsurface conditions of a surface situation as
illustrated in Fig. 10.16b. A second shell layer near the
bottom of the core indicates the depth of the tidal creek
during a previous crossing. The horizontally stratified
channel fill above this layer is partly obliterated by bio-
turbation. Quite different are the deposits found along
the margins of larger and deeper channels. Such tidal
flat margins are frequently composed of horizontally
laminated, partly waterlogged beds that, at depth, may
be deformed into convolute beds by sudden liquefac-
tion events (Fig. 10.18d; cf. Wunderlich 1967). In other
cases, channel-margin deposits comprise small current-
and/or wave-rippled cross-bedded sets (Fig. 10.18e).
Convolute lamination has also been observed to form
as a result of entrapped air (de Boer 1979). Processes
and concepts of convolute bed formation, also includ-
ing tidal flats, have been comprehensively described by
Williams (1960) and Einsele (1963).

Proceeding from sand flats to mixed flats, the degree
of bioturbation gradually increases (Fig. 10.18f, i). At
low mud content (slightly sandy mud), ripple troughs
initially get draped by thin mud layers that, in cross-
section, produce the well-known flaser structures
(Fig. 10.18g). As the mud content increases with
decreasing energy, the mud drapes get thicker and
eventually form interconnected wavy layers alternat-
ing with rippled sand layers to produce the characteris-
tic wavy bedding around the transition between
intertidal muddy sand and sandy mud facies. Finally,
as the sand content decreases (sandy mud to slightly
sandy mud facies), the internal sedimentary structures
are now dominated by thick mud drapes interrupted by
connected or disconnected sand lenses (starved ripples)
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Fig. 10.18 Internal sedimentary structures typical for tidal flat
deposits. (a) Bidirectional dune cross-bedding with current
dominance from right to left; (b) Bidirectional ripple cross-
bedding with well-developed herringbone structures; (c) Partly
bioturbated sand with shell layer at depth and shell lag at the
surface. Note partly excavated shell of the bivalve Mya arenaria
in live position; (d) Horizontally bedded sands above several
convoluted bedsets; (e) Multidirectional wave and current ripples

in sand. Note the absence of clear herringbone structures;
(f) Partly bioturbated, horizontally bedded sand in lower part of
core, grading into partly bioturbated rippled sand in upper part;
(g) Flaser bedding typical for muddy sand facies; (h) Lenticular
bedding typical for sandy mud facies; (i) Weakly laminated sand
in lower core, followed by well preserved lamination in upper
core, both penetrated by a large worm tube, possibly of Arenicola
marina (u-part hidden); (j) Rooted salt marsh deposit
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Fig. 10.19 A vertically stacked spring-neap-spring cycle with
tidal bundles preserved in intertidal dune cross-beds formed
over spring tide. The bundles are clearly visible in the bottom
sequence, but only faintly so in the upper one. Note that the
bundles are not separated by mud drapes, but instead by finer-
grained sand

to form so-called lenticular bedding (Fig. 10.18h, cf.
Reineck and Wunderlich 1968. Flemming 2003a). Due
to the high water content of the mud, overburden pres-
sure can result in the formation of convolute bedding
in this environment (Fig. 10.18h, bottom). Pure mud is
either completely homogenized or thinly laminated,
depending on the degree of local bioturbation. These
eventually grade into salt marshes, the laminated
deposits of which are usually intensely bioturbated by
root structures (Fig. 10.18;).

The cores illustrated in Fig. 10.18 do not include
any evidence of tidal bedding such as sand-mud cou-
plets or tidal bundles associated with deposition in the
course of neap-spring cycles. Such rhythmic sedimen-
tary structures are well documented from subtidal
channels (Visser 1980; Allen and Homewood 1984)
and from estuarine mudflats in macrotidal settings
(Dalrymple et al. 1991), but have rarely been reported
from back-barrier tidal flats. A cross-bedded example
from the Wadden Sea is presented in Fig. 10.19.

The box-core was recovered from a dune of the type
shown in Fig. 10.17k. It is interpreted to show a vertically-
stacked spring-neap-spring sequence with clearly visible
tidal bundles in the crossbeds of the lower unit and
more faintly preserved ones in the upper unit. The two
units were formed during the ebb tide over successive
spring-tide periods and are separated by a bipolar,
current-rippled sequence formed over the intervening
neap-tide period. Due to the small width of the core, it
is not precisely clear how many bundles were actually
formed in each case, at least ten (representing 5 days)
having been identified in the lower unit.

In contrast to the rather rare occurrence of tidal
bundles in cross-bedded sand of back-barrier tidal
flats, tidal bedding represented by sand-mud couplets
is more frequently encountered. These are preferen-
tially formed along mobile intertidal creeks as long as
sufficient suspended matter is available to settle out at
high tide. However, as intertidal creeks are rather shal-
low, one rarely finds more than just a few sand-mud
couplets stacked above each other (Fig. 10.20). Each
cycle begins on the rising tide as the tidal flat is inun-
dated and the flood current begins to move sand across
the sediment surface formed during the previous fall-
ing tide. Mud then settles out during the slack-water
period over high tide and is subsequently covered by a
sand layer in the course of the ebb tide. Each sand layer
may be composed of two opposing current-generated
ripple cross-stratified units, the thickness of each
depending on the relative dominance of one current
component over the other. In contrast to subtidal
(de Boer et al. 1989) or intertidal estuarine rhythmites
(Dalrymple et al. 1991), one would not expect large
numbers of stacked couplets or any clear evidence of
the daily inequality of the tide. At a larger spatial scale,
a characteristic depositional facies is the so-called
‘inclined heterolithic stratification’ (Thomas et al.
1987). These form in the process of lateral channel
migration or meandering, and are identified on the
ground by what has also been called ‘longitudinal’ or
‘lateral-accretion’ bedding (Reineck 1958; Bridges
and Leeder 1976).

As sand content decreases and mud content
increases toward the mainland coast, the tidal flat grad-
ually transforms into an almost featureless muddy
plain, tidal channels or creeks being now restricted to
locations where freshwater streams drain the hinter-
land. This is in stark contrast to non-barred macrotidal
mud flats that are commonly sculptured into meandering
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Fig. 10.20 Tidal bedding in
form of vertically stacked
mud-sand couplets along
laterally migrating intertidal
creeks. The mud settles out at
high tide and is subsequently
covered by a sand layer
during the following ebb tide
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Fig. 10.21 Plant zonation pattern marking the transition from
tidal flat to salt marsh (Modified after Streif 1990). In the
Wadden Sea, the pioneer zone, which is occupied by Salicornia
sp. and Spartina sp., begins at the elevation where the duration

tidal creeks and/or longitudinal mud ridges separated
by erosional trenches (e.g., Gouleau et al. 2000;
O’Brien et al. 2000). In back-barrier tidal basins, the
monotonous muddy landscape only changes with the
onset of vegetation, the uppermost tidal flats being
colonized by so-called pioneer plants comprising halo-
phytes (e.g., Salicornia and Spartina) which occupy a

of tidal submergence is <3.5 h and terminates at the mean
high-tide level where the salt marsh proper begins. Note that salt
marsh zonation is primarily controlled by the annual frequency
of inundation by seawater

zone between the elevation where tidal submergence is
<3.5 h (approx. 0.5 m below MHT in upper mesotidal
settings) and the mean high-water line (Fig. 10.21).
The salt marsh proper begins at the mean high-
water line, the transition between the halophytes of the
pioneer zone and the salt resistant plants of the salt
marsh being exceptionally sharp. The salt marsh itself
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Fig. 10.22 Characteristic sedimentary features around the
mean high-tide level. (a) Final meander of a salt marsh creek at
low tide before draining onto the upper intertidal flat. Note that
the water in the creek is not completely drained because it is
dammed by a small ‘ebb-delta’ lobe at the transition to the open

can be subdivided further by specific plant associations
comprising different species in different climates
and geographic locations. In contrast to the smooth
intertidal mud flats, the salt marshes are drained by
an intricate network of meandering marsh creeks
(Fig. 10.22a). Although the creek beds are generally
excavated to depths below the elevation of the adjacent
mud flats, they rarely extend into the latter as they
commonly terminate in small ‘ebb-delta’ lobes at the
salt marsh boundary where the channel-confined flow
spreads out onto the open tidal flat. These depositional
lobes often prevent the marsh creeks from draining
completely at low tide.

Mud-cracked surfaces are frequently regarded as
good indicators of emergence in tidal environments
(Klein 1977). This applies in particular to tidal flat
depositional systems with large differences between
the elevations of neap high tide and spring high tide.
The larger this difference, the longer the period of

tidal flat; (b) Well developed mud cracks in sparsely vegetated
Salicornia marsh; (¢) Cut meander bank in Spartina marsh
revealing preserved laminae near the surface and complete oblit-
eration of physical structures at depth

emergence over neap tide and the more extensive the
mud-cracked surfaces. In regions where this difference
in elevation is small, for example in the Wadden Sea,
such surfaces are narrow and patchy (Fig. 10.22b).
Mud-cracks and the roots of salt marsh plants tend to
destroy any lamination in the course of time, as can be
seen in Fig. 10.22c where the lamination is still pre-
served in the upper few centimetres but completely
obliterated below (cf. also Fig. 10.18j).

In addition to the characteristic salt marsh zones
associated with specific plants, the transition from
upper intertidal to lower supratidal flats is locally char-
acterized by laminated sediments (mats) produced by
microbial activity, especially in places where this
transition is more sandy (Fig. 10.23). As pointed out
earlier, these microbial mats have to be carefully dis-
tinguished from algal mats produced by green algae
(Gerdes and Krumbein 1987). Microbial mats com-
mence at the sediment surface with a thin filamentous
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thin surficial sand layer (often absent)
cyanobacteria (photosynthetic blue-green “algae” forming filamentous mats)

-cm

|,

chemo-autotrophic bacteria (sulphate-reducers, black anoxic sediment)

sand layer (gray, reduced oxygen)

Fig.10.23 Structure of a typical microbial mat occurring at the
land-sea transition around the mean high-tide level (upper inter-
tidal to lower supratidal). (a) Schematic model illustrating
the vertical succession of bacteria in a typical microbial mat;

carpet composed of oxygen-producing cyanobacteria
(blue-green algae) (Fig. 10.23b). If covered by sand,
the cyanobacteria migrate to the surface where a new
mat is constructed, leaving behind the organic material
of the old mat below the sand layer. The organic matter
of the abandoned mat is then decomposed by so-called
chemo-autotrophic sulphate-reducing bacteria in the
course of which oxygen is depleted to produce a black
anoxic layer. Just beneath the cyanobacterial mat
anoxygenic sulferous photobacteria, identifiable by
their intense purple color, are frequently observed.
Being photobacteria, their activity increases markedly
from the darker high latitudes towards the brighter low
latitudes. Because of this, they are sometimes hard to
spot in places like the Wadden Sea (55°N), whereas
they occur in profusion in places like Florida (28°N)
(Fig. 10.23c, cf. Davis 1994b). Because sand covering
and subsequent upward migration of cyanobacteria
occurs relatively frequently, several black horizons
may be stacked above each other, the depletion of oxy-
gen also affecting the sand below the mats which takes

(b) Photograph of a back-barrier microbial mat on the supratidal
flat of a Wadden Sea island; (c) Intensely purple colored sulfer-
ous bacteria beneath a thin layer of sand in the rear of a Gulf
Coast barrier island of Florida

on a dark gray color. Due to the varied color scheme of
the mats, this laminated microbial facies straddling the
land-sea boundary has been given the apt name ‘versi-
colored’ tidal flat (Gerdes et al. 1985). When pre-
served, the characteristic lamination associated with
specific bacteria makes it an excellent diagnostic tool
for the identification of the land-sea boundary in the
rock record (Schieber 2004; Noffke et al. 2006).

The trends of major parameters characterizing
intertidal flats along the energy gradient between the
mean low-tide and mean high-tide levels are summa-
rized in Fig. 10.24. Parameters that decrease toward
mean high tide include hydrodynamic energy, duration
of water cover, submergence time, sand content of the
sediment, and physical sediment reworking. The oppo-
site trend is observed for mud content, exposure time,
organic matter content, phytobenthos (diatoms), and
plant fragments. Notable exceptions are seaweeds
which preferentially occur on mixed flats, microbial
mats that are restricted to a narrow zone around mean
high tide, and last but not least the mass concentration
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Parameters Intertidal gradients
MHT MLT
|<— mud flats »|« sand flats —»l
slightly slightly
mud sandy mud sandy mud muddy sand muddy sand sand
Mud content (%) 100 95 75 50 25 0
1 1} 1} ) 1}
1 1 1} 1 1
Duration of water cover ; : i
1 1 1} ) 1}
Duration of exposure time | ——— ;

Duration of submergence time

Mud content

Sand content

Organic matter content

Organic matter concentration

Hydrodynamic energy

Physical sediment reworking

Microbial mats / Seaweed

Phytobenthos (diatoms)

Detrital plant fragments

Fig.10.24 Diagram summarizing the trends of major parameters
characterizing intertidal flats. While most parameters either
increase or decrease along the gradient between mean low tide
(MLT) and mean high tide (MHT), the concentration (mass per

(mass per unit volume) of mud and any substances
linked to the mud fraction. As outlined earlier, this
would, for example, not only apply to the concentra-
tion of mud itself, but also to organic matter, heavy
metals, trace elements, organic pollutants and toxic
substances.

10.5 Stratigraphic Relationships

Having discussed and illustrated a variety of typical
intertidal sedimentary structures and bedding types,
the question arises of how these might be preserved in
the rock record. Applying Walther’s Law by vertically
stacking typical sedimentary facies characterizing
the intertidal gradient, a synthetic upward-coarsening
transgressive facies model has been constructed
(Fig. 10.25). The model is based on Reineck and
Waunderlich (1968) and includes the most characteris-
tic sedimentary structures generally observed along
the intertidal gradient from sand flats near MLT to mud
flats near MHT. While highlighting the most important

unit volume) of organic matter peaks in the sandy mud facies, as
would any other substance linked to the mud fraction (Modified
after Hertweck 1994)

primary sedimentary structures (flaser, wavy and
lenticular bedding), the model is inherently incomplete
because bioturbation, shell accumulations and sedi-
mentary structures typical of intertidal creeks have
been excluded. As such it would be more applicable to
Precambrian than Phanerozoic tidal flats. However, as
shown below, it serves a very useful purpose in that it
simplifies the interpretation of generally much more
complicated real-world situations.

Such a real-world situation, in this case represent-
ing a particular location in the modern Wadden Sea, is
illustrated in Fig. 10.26 (after Chang et al. 2006c). The
upward-coarsening sedimentary sequence recorded in
the core clearly documents a transgressive setting com-
mencing with mudflat deposits at the bottom and end-
ing with sand flat deposits at the top. A closer look at
the sequence reveals a number of features that compli-
cate the interpretation. Thus, while the mudflat deposit
in the lower core section is interspersed with thin len-
ticular beds as one would expect, the sequence does
not progressively grade upward into wavy and lenticu-
lar bedding as required by the idealized model, but is
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Bedding type

Stratigraphy
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Facies Environment

cross-bedding with occasional flasers

simple

bifurcated
flaser bedding

wavy

bifurcated wavy
wavy bedding

with thick lenses
connected

with flat lenses
lenticular bedding

with thick lenses
single

with flat lenses

homogenous and / or laminated bedding

Fig. 10.25 Synthetic section in which successive sedimentary
facies occurring between the low-tide and the high-tide level of
intertidal flats (without tidal creeks and bioturbation) have been

instead truncated by an erosional surface that is
followed by an 80-cm thick sequence of alternating
sand and shell beds, the latter being partly graded
inversely. In the course of transgression and accretion,
the former mudflat at the core site was evidently
crossed a number of times by a migrating intertidal
creek that reworked and destroyed any lenticular and
wavy bedding that may have existed, leaving behind
the reworked sand and shells in the form of stacked lag
deposits. Above the channel deposits, the sequence

sand

(<5% mud) sand flats

slightly
muddy sand
(5-25% mud)

muddy sand

mixed flats
(25 - 50% mud)

sandy mud
(50 — 75% mud)

slightly
sandy mud
(75-95% mud)

B T

-

mud

(>95% mud) mud flats

vertically stacked in an idealized transgressive facies model
(Modified after Reineck and Wunderlich 1968; cf. also Flemming
2003a)

continues with sparsely interspersed flaser beds and
more prominently displayed cross-bedded sand of
mostly wave-generated origin, alternating with thin
mud layers typical of muddy and slightly muddy sand
flats. Toward the top, the sequence grades into exposed
sand flats. Significantly, bioturbation is only preserved
in the uppermost layer.

As outlined above, the depositional sequence pre-
served in the core can be rationally explained on the
basis of the idealized model, part of the expected
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cross-laminated sand, shells and debris
ripple cross-laminated sand
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bioturbation tube
cross-laminated sand
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cross-tlaminated sand
massive sand, mud laminae

massive sand
massive sand, sharp base, shells, organic debris

exposed sand flat

alternation of sand and mud laminae, shells, mud lump
Naser bedded sand

lenticular bedded
homogeneous mud
alternation of sand and mud laminae
ive sand, mud-ri i balls, organic debris
mud lumps

cross-laminated sandimud kamina couplets
flaser bedded sand

lenticular bedded

massive sand, erosive base, mud lenses in lower part

flaser bedded sand, shells, peat
cross-laminated sand

alternation of sand and mud laminae
cross-laminated sand

massive sand, gasiropods

faser bedded sand

shelly massive sand, erosive base, mud chips
shelis convex downward

shelly coarse sand, layered shells
bigger shells in middie part
wedge-shaped ripple sand

shelly sand, mud chips, shells scaltered

shaells concantrated and folded

d ly ted, ly graded,
base, tiny shell fragments and gastropods in lower part
shells scatlered, organic debris

shells concentrated and random-folded, erosional base
shell size reversely graded, small g: d:

mixed flat
|(slightly muddy sand facies)

mixed flat
(sandy mud facies)

mixed flat
(slightly muddy sand facies
with shallow, migrating
intertidal creeks)

sand flat
(migrating intertidal creek
near larger tidal channel,
producing extensive
shell lag deposits)

lenticular bedded, lami thicken upward
plant fragments scatterad

mottled(?) mud, pale olive (10Y6/2)
lenticular bedded, sand lenses thin upward
thin sand streak

lenticular bedded, organic debris

| mud, peal
wavy 1o lenticular bedded
lenticular bedded

thin sand streak
lenlicular bedded

mud flat
(proximal to salt marsh)

Fig. 10.26 Real-world transgressive section as observed in a vibro-core from the Wadden Sea (Modified after Chang et al. 2006c).
Note the discontinuous nature of the succession and the multiple erosion surfaces
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Fig. 10.27 Conceptual model illustrating the situation where physical reworking of the sediment outpaces bioturbation in the
course of vertical accretion as observed in many parts of the Wadden Sea (Modified after Chang et al. 2006¢)

sequence having simply been removed by migrating
channels. Tidal-flat deposition above the channel
sequence commences at higher energy conditions than
required for the formation and preservation of lenticu-
lar, wavy and flaser bedding. The core demonstrates
that, in the course of transgression, local conditions on
a tidal flat can vary strongly, frequent depositional and
erosional events ultimately resulting in only partial
preservation of the potential record (Reineck 1960;
van der Spek 1996). This not only concerns the preser-
vation of particular sedimentary sequences as illus-
trated in the idealized model, but also the preservation
of biological activity as suggested by the general
absence of bioturbation throughout the core, except for
the uppermost active layer. Within certain limits, the
degree of preserved bioturbation is evidently an excel-
lent criterion for the depth of reworking of a tidal flat
by waves and/or currents. Because physical reworking
of intertidal flats is generally restricted to the depth of
intertidal creeks (~50 cm), this concept can only be
applied to regions where the bioturbated layer is rela-
tively thin (20-30 cm). This is generally the case in
temperate climates. In subtropical and tropical climates,
by contrast, callianassid shrimps will completely
bioturbate the sediment to depths exceeding 1 m and

hence obliterate the effects of physical reworking.
Identification of the type of bioturbating organism(s)
is thus a crucial prerequisite for the application of this
concept to the rock record (Dott 1983, 1988).

For the temperate Wadden Sea, van Straaten (1954)
presented a conceptual model that considers a number
of different situations ranging from complete bioturba-
tion to almost no bioturbation. The model was later
modified slightly by Reineck and Singh (1980). As
remarked earlier, only the uppermost 15 cm of the core
in Fig. 10.26, i.e. the biologically active layer at the time
of coring, is preserved. This means that the frequency
and depth of reworking at the coring site has consis-
tently outpaced bioturbation from the very start and
thereby documents the rather exposed nature of the
Wadden Sea (cf. Davis and Flemming 1995). This situ-
ation is illustrated in the conceptual model of Fig. 10.27
(after Chang et al. 2006c; cf. also van der Spek 1996).

As shown above, the succession of depositional
facies along the intertidal gradient and their character-
istic sedimentary structures will produce typical and
easily recognized stratigraphic sequences in the course
of vertical accretion. The main driving forces on geo-
logical time scales are changes in relative sea level and
sediment supply, both being primarily controlled by
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a Progradational: supply >> deficit

barrier
island

back-barrier
tidal basin

b Aggradational: supply = deficit

barrier

island
back-barrier

tidal basin

C Transgressive: supply < deficit

barrier
island

back-barrier
tidal basin

d Transgressive: supply << deficit
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. back-barrier
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Fig. 10.28 Four geological cross-sections of barrier island
depositional systems reflecting the stratigraphy produced by
particular sediment budget situations controlled by the inter-
action betwen relative sea-level rise and sediment supply
(Modified after Flemming 2002). Note that the shoreward fining

tectonic, isostatic and climatic processes acting either
together or independently of each other. The interac-
tion between the rate of relative sea-level rise and the
rate of sediment supply defines the stratigraphic
response of the system. Because sea-level fall leaves
barrier islands and back-barrier tidal flats stranded,
sustained accretion is usually associated with sea-level
rise. In this context three basic stratigraphic response
types can be distinguished, namely progradational,
aggradational and retrogradational ones. Each has a
characteristic and hence diagnostic stratigraphic
expression (Galloway and Hobday 1975). The former
two occasionally act in conjunction to produce aggrad-
ing progradational systems. In the case of both pro-
grading and aggrading tidal flats, the entire depositional
sequence is conserved (total retention), while in the
retrogradational (transgressive) case varying parts of
the sequence are lost, depending on the overall sedi-
ment deficit. For this reason it is useful to distinguish
between partly conserved systems in which the deposi-
tional sequence is partially retained, and totally
reworked systems in which only the final high-stand
sequence is retained (Kraft 1971).

sedimentary facies succession characterising the back-barrier
tidal flat deposits (yellow) are not shown. Legend to color
scheme includes beach, eolian dune, overwash, tidal flat (with
channels), is salt marsh facies, but excludes the upper and lower
shoreface

The main four types of stratigraphic responses
outlined above are illustrated in the schematic cross-
sections of Fig. 10.28. Each type represents a particular
sediment budget situation that reflects the stratigraphic
response resulting from the rate of sediment supply
from external sources relative to the deficit created by
sea-level rise over the same time interval. When keep-
ing one of the control parameters constant, a change in
the other will automatically affect the sediment budget,
as a consequence of which the stratigraphic response
changes from one state to another. It should be noted,
however, that the four examples presented here
represent time slices of particular sediment budget
situations and that, in nature, one may find transitional
systems reflecting budgets intermediate between any
two of these. Furthermore, in the course of time, the
sediment budget of a particular locality may change
and an existing depositional type will then grade into
another.

Cases a and b in Fig. 10.28 reflect the prograding
and aggrading stratigraphies that result from a positive
sediment budget where as much or more sediment is
imported from external sources than required for the
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barrier
island

barrier
island

Fig. 10.29 Schematic conceptual models illustrating the strati-
graphic situation in the case of a uniformly sloping (a) and a
progressively steepening (b) shore. Note the squeezing out of

compensation of the deficit created by sea-level rise.
The difference between Figs. 10.28a, b mainly con-
cerns the stratigraphy below the barrier island and the
shoreface, the vertically aggrading back-barrier tidal
flat systems (yellow colour) being more or less identical.
As outlined earlier, the back-barrier deposits can also
be identified by their progressive shoreward fining
grain-size gradient which is not shown in Fig. 10.28. If
less sediment is supplied from external sources than
required to compensate sea-level rise, then the remain-
ing deficit must be replaced by sediment from the
existing reservoir. This involves moving sediment from
the beach and upper shoreface toward the back-barrier
basin. As a consequence, the barrier island is forced to
migrate landward across its own back-barrier tidal flat.
In the case where the remaining deficit is small, most
of the depositional sequence is retained, the loss in the
stratigraphic section being restricted to upper shoreface,
beach, and barrier sands (Fig. 10.28c). The less sedi-
ment is available from external sources, the larger the
remaining deficit and the fewer the depositional
sequences retained in the stratigraphic section. At the

individual sedimentary facies on the landward side in the latter
case (Modified after Flemming and Bartholoméa 1997)

same time the speed of barrier island migration
increases. This may evolve to the point where no sedi-
ment is available from external sources and the deficit
now has to be replaced entirely from the existing
sediment reservoir (Fig. 10.28d). In this case the whole
depositional sequence is progressively lost and only
the final highstand deposit is retained for potential
preservation in the rock record. The marked difference
in depositional architecture produced by the variable
interplay between sediment supply and sea-level
rise thus turns out to be a powerful diagnostic tool for
the interpretation of the stratigraphic record in terms of
the temporal sediment budget evolution and the rate of
sea-level change.

Thus far, the retention or loss of back-barrier depos-
its in the course of sea-level rise has been considered
only in terms of changes in the sediment budget. In
such cases, the progressive loss of sedimentary facies
occurs on the seaward side, the capping barrier sand
being eliminated first, the basal salt marsh last
(Fig. 10.29a). This model applies to situations where a
transgressive  barrier-island  depositional system
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encroaches upon a low-lying coastal plain along a uni-
formly sloping surface. A reverse situation, or rather
the simultaneous loss of sedimentary facies at both
ends, appears to occur where a barrier system migrates
up against a coastal cliff or a progressively steepening
shore. Such a loss of finer-grained sedimentary facies
along the mainland coast of the Wadden Sea was first
recognised by Flemming and Nyandwi (1994). It was
suggested to reflect the response of the back-barrier
basin to land reclamation, the hydrodynamic energy —
especially wave action — having increased as the water
depth at high tide increased along the foot of the dike.
This interpretation subsequently received strong sup-
port from a study in which the loss of accommodation
space and the grain-size composition of tidal flats lost
to land reclamation was numerically reconstructed
(Mai and Bartholomi 2000). Thus, contrary to intu-
ition, the widths of individual sedimentary facies
belts do not simply adjust to fit into the reduced space,
but the finer-grained ones are instead progressively
eliminated.

A similar effect is postulated to occur along cliffed
coasts or where a steepening slope obstructs normal
barrier evolution, the latter case being illustrated in
Fig. 10.29b. The process can be conceived to continue
until the entire back-barrier depositional system has
been removed and the former barrier sand has evolved
into a perched coastal dune (Roy et al. 1994). This
aspect in the stratigraphic evolution of barrier-island
depositional systems has received little attention thus
far. Nevertheless, some evidence favouring such an
interpretation, even though not entirely conclusive,
can be found in the literature (Curray et al. 1969;
Belknap and Kraft 1977; Kraft et al. 1979. Vos and
van Kesteren 2000).

10.6 Modern Examples and Ancient
Analogues

10.6.1 Modern Examples

As pointed out earlier, most larger-scale back-barrier
depositional systems documented in the literature lack
substantial bare tidal flats, being instead dominated by
salt marshes or mangroves and estuarine or lagoonal
water bodies. As a consequence, there are few
documented examples of modern bare siliciclastic
back-barrier tidal flats that can match the Wadden
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Sea in scale and studied detail (Klein 1976). Excellent
regional summaries covering various aspects of
Wadden Sea research, including comprehensive lit-
erature citations up to the time of publication, can
be found in Reineck and Singh (1980), Dijkema
et al. (1980), Postma (1982), Ehlers (1988), Oost
and de Boer (1994), Flemming and Davis (1994),
Flemming and Hertweck (1994), and Bartholdy and
Pejrup (1994).

Among back-barrier tidal flat systems that merit being
mentioned here are the ones off the Copper River delta
located along the Pacific coast of Alaska (Reimnitz
1966; Galloway 1976; Hayes and Ruby 1994). However,
little detail on intertidal sediment distribution and sedi-
mentary structures has been published. The same, in
principle, holds for the enigmatic Ria Formosa (Algarve)
barrier island system off southern Portugal, which is
unique in the sense that it is a non-coastal plain system
backed by a steeply rising coastal cliff. The accessible
literature (Pilkey et al. 1989; Davis 1994a) mostly con-
centrates on the barrier islands and provides little
information on the back-barrier tidal flats. Some geo-
morphological, sedimentological and geochemical data
exist but are difficult to access (Granja 1984; Granja
et al. 1984; Monteiro et al. 1984; Dias 1986). Because
the barrier island chain gradually approaches the coastal
cliff towards the border of Spain, it could represent an
ideal case to validate the concept of progressive loss of
finer-grained sediment facies along the foot of the cliff
as the back-barrier tidal flats get narrower.

The back-barrier systems along the east and south
coasts of the North American continent are mostly of
the lagoonal and/or estuarine type with extensive salt
marshes covering the intertidally exposed parts with
no or only very narrow bare intertidal flats. These
locally display stratigraphies that are similar to more
extensive tidal flat systems such as the Wadden Sea.
Examples can be found in Leatherman (1979),
FitzGerald et al. (1994), Hayes (1994) and Oertel and
Kraft (1994).

A variety of back-barrier tidal flat system that does
not quite correspond to the classic type discussed here,
are coastal lagoons in which intertidal flats occupy a
large part of the area. Well documented examples of
this type are Willapa Bay along the Pacific coast of the
USA (Clifton et al. 1989; Dingler and Clifton 1994)
and Langebaan Lagoon along the west coast of South
Africa (Flemming 1977). The main difference to clas-
sic back-barrier tidal flats is the fact that the grain-size
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gradient (and hence the energy gradient) is not per-
pendicular to the coast, but instead more or less
aligned along the main axis of the lagoon between the
mouth and the head. Other than this, the intertidal
flats display many of the features discussed in this
contribution.

10.6.2 Ancient Analogues

Examples of tidal deposits span the time period from
the Early Archaean to the present (Noftke et al. 2006;
Noftke 2010) and it would go beyond the scope of this
contribution to cite them all. This section therefore
restricts itself to a listing of important collective works
that deal with clastic tidal deposits and which also
include ancient examples. A first symposium proceed-
ings specifically dedicated to tidal research was edited
by Ginsburg (1975). Hobday and Errikson (1977) pres-
ent the results of a tidal conference with special refer-
ence to South African case studies. An exhaustive
summary of both modern and ancient examples up to
the year 1977 can be found in Klein (1977). Other con-
ference proceedings containing case studies from
modern and ancient tidal environments include de
Boer et al. (1988), Smith et al. (1991), Flemming and
Bartholomi (1995), Alexander et al. (1998), Park and
Davis (2001), and Bartholdy and Kvale (2006).

The cited works demonstrate that tidal-flat deposits
can generally be recognized in the rock record with
some degree of confidence. However, it is much more
difficult, and in many cases impossible, to differentiate
between micro-mesotidal back-barrier tidal flats and
macrotidal open coast counterparts. Both display
essentially the same range of surface features and
internal sedimentary structures. Being more energetic,
macrotidal flats should display a greater proportion of
larger-scale dune cross-bedding relative to smaller-
scale ripple cross-bedding on sand flats than would
be the case on mesotidal flats where dune cross-
bedding is the exception rather than the rule. Another
feature that is more prominent on macrotidal flats is
the occurrence of relatively high (>1 m) intertidal
bars entirely composed of bioclastic material (mollusc
shells) that may be found up to and even within salt
marsh deposits (e.g., Larsonneur 1994; Schneider-
Storz et al. 2008).

As the features addressed above are not unequivo-
cally diagnostic, in addition to requiring excellent out-

B.W. Flemming

crop conditions, some researchers have looked for ways
to estimate paleotidal ranges in order to solve this prob-
lem (Klein 1971; Allen 1981; Terwindt 1988). In each
case, a different approach was used. Thus, Klein (1971)
suggested that the thickness of upward-fining sequences
approximated the paleotidal range, whereas Allen
(1981) used the thickness of cross-bedding sets dis-
playing mud drapes to derive at such estimates. Terwindt
(1988), in turn, used a complex combination of strati-
graphic criteria to reconstruct paleotidal ranges, but
submits that this was very difficult because reliable cri-
teria to identify the low-water line were lacking.
Although very persuasive, this issue has not really been
resolved to this day.

An elegant way to decide whether a tidal deposit
was formed in a back-barrier setting would be the
identification of the ancient barrier itself, or at least
remnants thereof, in the rock record. Criteria for this
have been summarized by Dickinson et al. (1972).
This would side-step the issue of having to estimate
paleotidal range, but would again require good expo-
sures in the field. Finally, tidal euphoria can also lead
to astonishing misinterpretations. Thus, the suppos-
edly ‘transgressive-barrier and shallow shelf interpre-
tation of the lower Paleozoic Peninsula Formation,
South Africa’ (Hobday and Tankard 1978) is more
likely a large alluvial fan delta that incorporates a few
thin marine transgressions (Brian Turner, personal
communication 1993). The interpretation can be shown
to have been based on non-conclusive evidence and
that other features such as the occurrence of massive
pebble beds, ubiquitous floating pebbles, stacked lin-
guoid bars, sand-draped mud cracks, and especially
the total absence of any tidal rhythmites in any of the
excellent exposures collectively favor an alluvial ori-
gin (Flemming, unpublished).
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