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Abstract This article aims at presenting a brief synthesis
of sedimentary signatures assigned to tidal bore dynamics
and impacts. According to the few studies published until
now on tidal bore-induced facies within inner estuarine
tidal channel infilling successions, only two major signa-
tures can be reported: (1) soft sediment deformations
(SSDs) due to overpressure linked to sudden water level
elevation, high shear stress and vertical velocity accelera-
tion below the tidal bore front and secondary waves;
SSDs may be present throughout the channel infill suc-
cession, with the general exception of the uppermost part;
tidal bore-induced SSDs have been described only in
modern facies; (2) tidal bore couplets (TBCs) formed by
an erosional surface overlain by massive sand drapes, re-
lated to the reworking of the sediment bottom during tidal
bore passage; TBCs were first described in the ancient
record. Studies in modern estuaries demonstrate that
TBCs evolve towards tidal bore sequences from the tidal
channel bottom (subtidal to low intertidal facies) to tidal
channel bank (low to mid intertidal facies). In mid to
upper intertidal facies, the occurrence of thicker-than-
average tidal rhythmites, reflecting higher-than-average
suspended sediment concentrations, are also considered
as a possible signature of tidal bore dynamics.

Introduction

Tidal bores are certainly regarded as the most spectacular phe-
nomena occurring in estuarine settings. This hydraulic jump in
translation, a few meters high locally, which propagates up-
stream when the tidal flow turns to rising is known and de-
scribed for centuries. In many countries it belongs to mytho-
logical legends that gave rise to figurative names such as the
Silver Dragon in the Qiantang River in China or the Seven
Ghost in the Kampar River in Indonesia (see reviews in Lynch
1982; Chanson 2012; Colas 2014).

Until recently, tidal bores were mainly famed for their
touristic attractiveness, particularly relayed by surf con-
tests. Although some research works were performed on
tidal bores as early as the late XIXth century (see
Rousseaux et al. 2016), thorough scientific observations
and studies of tidal bores are surprisingly recent, with a
tremendous expansion during the last decade through re-
search programs in China (e.g. Pan and Huang 2010; Fan
et al. 2012; Huang et al. 2013), France (e.g. Lubin et al.
2010; Mouazé et al. 2010; Bonneton et al. 2011, 2016;
Chanson et al. 2011; Simon 2013; Furgerot 2014; Keevil
et al. 2015; Furgerot et al. 2016a, b; Rousseaux et al.
2016), the UK (e.g. Simpson et al. 2004; Uncles et al.
2006) and Australia (e.g. Wolanski et al. 2004; Chanson
2012; Khezri and Chanson 2012; Simon 2013). The re-
search includes in situ measurements, experimental ap-
proaches and numerical modelling. Due to these numer-
ous and various studies that mainly focus on the condi-
tions of formation, hydrodynamic properties and roles in
sediment transport, tidal bores are today much better un-
derstood estuarine processes. On the other hand, very few
studies have so far been performed on the recognition of
tidal bore signatures preserved in sedimentary succes-
sions. This is even more odd given the development of
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tide-generated sediment facies models over past decades
(see reviews in Davis and Dalrymple 2012; Tessier and
Reynaud 2016).

Based on the few works already published, the present
paper aims at presenting a synthesis of sedimentary signatures
assigned to tidal bores. The discussion includes the consisten-
cy of these signatures with the known hydrosedimentary prop-
erties of the process.

Overview of tidal bore-related processes

Tidal bores develop worldwide in many estuaries and tidal
rivers (Chanson 2012). Their occurrence depends on a com-
plex balance between the estuary morphology and slope, the
tidal range, the incoming tidal flow velocity, the tide asymme-
try and the fluvial water discharge (see Bonneton et al. 2016).
Generally, well-developed tidal bores form in gently sloping
tidal channels of broad funnel-shaped estuary internal areas.
Tidal ranges of at least 4 m (somewhere) downstream of the
zone of tidal bore development are required (Lynch 1982;
Bonneton et al. 2016).

Depending on water depth and river and tidal flow veloc-
ities, twomain types of tidal bores exist, undular and breaking.
An undular bore comprises a first and main non-breaking
wave followed by a series of secondary waves called
Bwhelps^. Due to multiple reflections of these waves along
channel banks, chaotic shock waves follow the whelp train. A
breaking bore is formed by a single breaking roller that in
some cases may be followed as well by a series of secondary
waves (Junbiao Tu and Daidu Fan, pers. comm.). Tidal bore
shape, height (up to a fewmeters) and front velocity (up to 7–8
m/s) are highly variable in both time and space, according to
estuarine conditions. In any case, a tidal bore remains a highly
energetic and turbulent process.

In order to discuss the sedimentary signatures assigned to
tidal bores, one needs to consider the processes associated
with a bore passage (e.g. Furgerot et al. 2013, 2016a, b;
Fig. 1), i.e. a sudden rise of the water level accompanied by

a flow reversal from downstream to upstream at the water
surface as well as at the channel bed (Furgerot et al. 2016b).
The time of reversal of the whole water column after the
passage is variable depending on the tidal bore development.
A quasi-instantaneous total reversal is frequently observed but
it may occur up to a few minutes after the passage. The lon-
gitudinal velocity reversal is accompanied by a significant
upward-directed (vertical) velocity (Fig. 1). These sudden ve-
locity changes imply very high accelerations, the maximum of
which is reached prior to and below the front for the upstream
(longitudinal) and upward (vertical) velocity respectively. In
the case of an undulating bore in the rear of the tidal front, the
upstream velocity during the passage of the whelps, while
increasing, is subjected to cyclic fluctuations consistent with
whelp wavelengths. At the same time, the vertical velocity
alternates from upward to downward.

These hydrodynamic properties of tidal bores induce spe-
cific impacts in terms of sediment processes. These impacts,
which are detailed in the Discussion, include massive
reworking of the channel floor accompanied by very high
suspended sediment concentrations, particularly immediately
above the channel bed below the tidal bore (Fig. 1; Furgerot
et al. 2016a).

Sedimentary signatures attributed to tidal bores

The synthesis proposed herein is necessarily brief as very few
studies have been hitherto published that document sedimen-
tary signatures related to the action of tidal bores. These sig-
natures are described both in present-day deposits and rock
records, and all are contained in sedimentary successions as-
sociated logically with tide-dominated estuarine to tide-
influenced river channel infill. To summarize, two main kinds
of sedimentary signatures are described and interpreted as the
result of tidal bore action: (1) soft sediment deformations; (2)
the association of an erosion surface overlain by draping mas-
sive sand.

Fig. 1 Main processes related to a tidal bore (TB) passage in terms of
flow velocities (m/s) and suspended sediment concentration (SSC).
Strong accelerations of both longitudinal and vertical velocities below
the front and secondary waves (whelps) induce erosion of the bottom

and a peak of very high SSC. This example is based on measurements
in the inner estuary of the Sée River, Mt. St. Michel Bay, NW France
(after Furgerot et al. 2016a, b)
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Soft sediment deformations

Soft sediment deformations (SSDs) are assigned to a va-
riety of environmental settings and driving processes (see
review by van Loon 2009). SSDs specifically attributed to
the action of tidal bores (TB-SSDs) have been described
up to now in modern sediments only (Sée-Sélune estuary,
Mt. St. Michel Bay, France, Tessier and Terwindt 1994;
Turnagain Arm Estuary, Alaska, Greb and Archer 2007;
Qiantang Estuary, China, Fan et al. 2012, 2014, 2015).
They are encountered in all types of tidal deposits along
bore-affected estuarine channels, from heterolithic sand-
mud tidal beddings and rhythmites, typifying mid to up-
per intertidal deposits, to silt- and sand-dominated facies
from channel bottoms to lower–mid intertidal settings.
Observed TB-SSDs are a few cm to a few dm in ampli-
tude, and dm to a few dm in wavelength (Fig. 2a–d). TB-
SSD structures include mainly contorted beds (convolute)
and dewatering structures, indicating that the processes of
deformation range from plastic deformation, affecting
heterolithic beddings, to liquefaction of silty to sandy fa-
cies (Fig. 2c, d). The geometries of contorted beds range
from 2D folds with channel-normal axes consistent with
the direction of tidal bore propagation, to 3D chaotic en-
velops (Fig. 2a, b).

TB-SSDs are explained by the combined effect of process-
es acting on and in the sediment due to the passage of a tidal
bore. These are the overpressure linked to the sudden water
elevation, the high shear stress and vertical velocity accelera-
tion below the front. In the case of undular tidal bores, these
basic processes are followed by cyclic vertical velocity accel-
erations due to the whelps. Over-pressurization of rapidly de-
posited sands in relation with the tidal bore passage can also
explain TB-SSDs.

Erosion surface overlain by draping massive sand

The second type of signature attributed to tidal bore action is
represented by a set composed of the two main following
elements: (1) a stepped erosion surface overlain by (2) draping
massive sand. This couplet Berosion surface / massive sand
drape^, termed hereafter Btidal bore couplet^ (TBC), has been
first described and interpreted as the record of tidal bore action
in the ancient record (Martinius and Gowland 2011). The de-
positional environment of the given ancient formation (the
Jurassic Lourinha Formation, Lusitanian Basin, western
Portugal) is interpreted as a fluvial system modulated by tidal
dynamics. The erosion surface is described as undulating,
with a series of asymmetric and irregular excavations with
relatively short wave length (a few dm) and high amplitude
(up to 15 cm deep; Fig. 3a). Its lateral extent is relatively low
(10 m max. on outcrop). The overlying draping sands are
massive with a very homogeneous grain-size distribution.
Locally, they contain some lamination dipping upstream.
These TBCs, decimetric in thickness, are rare in the studied
formation and encased within downstream-migrating fluvial
sand bodies (Fig. 3a).

In the modern record, very similar TBCs have been identi-
fied and described afterwards by Fan et al. (2012, 2014, 2015),
in sediment cores collected along the channel bank of the
Qiantang Estuary (China). The massive sands are described
as slightly coarser and better sorted than adjacent regular tidal
sands. The better sorting is consistent with the observation by
Martinius and Gowland (2011). Modern TBCs are frequently
observed intercalated into low to mid intertidal heterolithic
facies in the inner estuary of the Mt. St. Michel Bay, NW
France (e.g. Fig. 3b, c).

Another example of TBCs preserved in the rock record
is provided by Fielding and Joeckel (2015). The palaeo-

Fig. 2 Soft sediment
deformations (SSDs) attributed to
tidal bore impact (mid intertidal
facies, Sée-Sélune estuary, Bay of
Mt. St. Michel, NWFrance). a 2D
folded deformed surface along a
tidal channel. The fold axes are
consistent with tidal bore
propagation (perpendicular). b
3D deformed surface along a tidal
channel. c Cross-section of a
highly deformed succession. d
Cross-section of a deformed
succession showing contorted
beds (plastic deformation) and
massive sands (liquefaction). a–c
Knife for scale: 40 cm long. d
Scale bar in cm
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environment of the studied succession (the Pennsylvanian
Indian Cave Sandstone, Echo Cliff, NE Kansas, USA) is
interpreted as a tide-influenced fluvial system. These fos-
sil TBCs show many similarities with those described by
Martinius and Gowland (2011) in the Jurassic record, and
Fan et al. (2012, 2014) in the Qiantang Estuary. One may
note the following specific features: the erosion surface is
reworked into symmetrical and asymmetrical ripples, and
the draping sands are muddy or rich in plant debris. This
last point differs somewhat from the observations of

Martinius and Gowland (2011) and Fan et al. (2012),
who described clean, well-sorted draping sands. Fielding
and Joeckel (2015) explained this fact by local specific-
ities of channel bed sediments. By combining the ele-
ments provided by these different authors and their
observations, Fielding and Joeckel (2015) proposed a fa-
cies model to identified tidal bore deposits, fundamentally
TBCs.

In terms of interpretation in relation with tidal bore process-
es, basically the erosion surface is interpreted as the result of
scouring due to the tidal bore front and whelps and associated
stress reversals, while the massive draping sands result from
the rapid deposition of suspended sediment after the bore
passage.

Discussion

Recent works on tidal bores in modern settings, focussing
either on their hydro-sediment dynamic properties (e.g.
Furgerot et al.2016a) or on the specific sedimentary facies
they induce (e.g. Fan et al. 2014, 2015), provide very
useful information for developing a more comprehensive
description and for reaching a better understanding of
sedimentary facies association that could be related to
tidal bore-affected environments. In the Qiantang de-
posits, Fan et al. (2014, 2015) attribute indeed more com-
plete sediment packages than simple TBCs to tidal bore
action. In many of the cores collected along the intertidal
banks of the estuary, the massive sands that rest above the
erosion surface pass upwards to sandy parallel lamination
and then convolute bedding. Lanier and Tessier (1998)
described fairly similar packages in mid intertidal channel
bank deposits of the Sélune internal estuary (Mt. St.
Michel Bay, NW France), where tidal bores commonly
develop during spring tides. There, individual sequences
up to 10 cm thick show a succession comprising massive
sand resting on a sharp surface, followed by upper flow
regime (UFR) planar bedded sand, passing upwards to
flood-deposited climbing ripple bedded sand and evolving
finally into a fine-grained silty drape (Fig. 3d). Lanier and
Tessier (1998) interpreted this sequence as a single flood-
dominated tidal couplet, attributing the flood-generated
climbing ripple bedding interval to very high concentra-
tion of suspended sediment in relation to the tidal bore
passage in the channel and the sudden submersion of the
tidal channel bank (flood tide levee).

The works of Furgerot et al. (2016a, b) detail the evolution
of flow velocities and suspended sediment concentration
(SSC) specifically associated with the passage of a tidal bore
in a tidal channel. They demonstrated that, below the front
simultaneously to the flow inversion that arises first at the
bottom, an instantaneous erosion (few cm deep) of the channel

Fig. 3 Photographs illustrating a tidal bore couplet (TBC) and tidal bore
sequence (TBS). a TBC intercalated within fluvial dominated sands
(Jurassic Lourinha Formation, Lusitanian Basin, western Portugal;
photo courtesy of Allard Martinius). Arrows Basal erosional surface of
TBC, overlain by massive sands. b Low to mid intertidal facies
succession mostly formed by typical tidal bedding. A TBC (arrow
erosional base) is intercalated within the middle part (inner estuary of
Sélune River, Bay of Mt. St. Michel, NW France). c Detail of b,
focussing on the TBC. d Mid intertidal facies including complete TBS
comprising above a sharp basal surface, massive sand (ms), UFR planar
bedding (pl), climbing ripple (cr) and finally a mud drape (md); (inner
estuary of Sélune River, Bay of Mt. St. Michel, NW France). Knife
handle: 12 cm
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bed occurs, together with very high SSC (a few tens of g/l) just
above the bed (Fig. 1). During the few tens of seconds follow-
ing the front passage, this very high peak of SSC decreases,
whereas in the whole water column SSC progressively raises
from a few g/l to a few tens of g/l as the flood velocity in-
creases until a maximum that is reached a few minutes after
the tidal bore passage. The flood starts to slow down while
SSC remains very high before it decreases significantly at the
slack water stage.

The sequence described by Lanier and Tessier (1998)
can be put in parallel with the succession of processes
previously described. The basal massive sand bed records
the very rapid, almost immediate deposition of the sedi-
ment reworked at the bottom below the tidal bore front.
The UFR planar laminated bed records the maximum
flood velocity and the climbing ripple bedding interval
reflects the deceleration onset, both with very high SSC.
The finer-grained draping top bed is deposited during
slack water. This succession, from the basal erosional sur-
face to the draping unit, including the massive sand (UFR
planar laminae) climbing ripple bed, can be referred to as
a tidal bore sequence (TBS; Fig. 3).

Tidal bore couplets (TBCs), such as described by
Martinius and Gowland (2011) and Fielding and Joeckel
(2015), can be considered as the basal part of a TBS.
TBSs can probably be deposited at the bottom of a chan-
nel but, due to the high erosional impact of tidal bores,
their preservation potential is there very reduced, and only
the basal part is thus preserved. In the ancient record,
Chamizo-Borreguero et al. (2016) provided another exam-
ple of putative tidal bore sedimentary records encased
within ephemeral alluvial and overbank deposits
(Utrillas Formation, Albian, Iberian Basin, Serranía de
Cuenca sub-basin, eastern Spain). They described

successions of tabular sandstone beds with low angle pla-
nar lamination. These successions infill steep erosional
incisions, up to 9 m deep. The bases of individual beds
are flat to slightly undulating erosional surfaces. Sands are
very well sorted. One may assume that such thick sand-
dominated tidal bore facies correspond to amalgamated
TBCs preserved as channel bottom infilling.

Based on their observations in the Qiantang Estuary,
Fan et al. (2014, 2015) proposed a schematic model of
distribution of tidal bore-induced facies according to the
position of deposition with respect to the tidal channel
axis and elevation. The model highlights the evolution
from TBCs preserved in subtidal to lower intertidal facies
(channel bottom) towards more complete packages pre-
served in lower to mid intertidal facies and corresponding
to TBSs. Tidal bore-induced soft sediment deformations
can occur throughout the succession.

In this model by Fan et al. (2012, 2014, 2015), mid to
upper intertidal heterolithic facies, generally preserving
tidal rhythmites and typical of the upper part of a channel
infill sequence, are regarded as regular tidal deposits, i.e.
non tidal bore-affected facies. Observations along the Sée
and Sélune rivers (Mont Saint Michel Bay, France), how-
ever, show that tidal rhythmites comprised in the mid to
upper intertidal channel bank deposits are locally formed
by extremely thick individual tidal couplets resulting nec-
essarily from SSCs much higher than normal, certainly
due to tidal bores. It is thus concluded that mid to upper
tidal rhythmites can also record tidal bore dynamics; tidal
bore-related rhythmites are much thicker than average
(Figs. 4 and 5).

In the model by Fan et al. (2014, 2015), tidal bore-
induced soft sediment deformations (TB-SSDs) are posi-
tioned within lower to middle intertidal deposits, affecting

Fig. 4 Thicker-than-average middle to upper intertidal rhythmites
attributed to high suspended sediment concentration induced by tidal
bores: a thick tidal rhythmites including complete tidal bore sequences
as tidal couplets (Sélune River inner estuary, Bay of Mt. St. Michel, NW
France; coin for scale: 1 cm); b tidal rhythmites made of thick planar

bedded sand-dominated tidal couplets (flood tidal levee, Sée River
inner estuary, Bay of Mt. St. Michel, NW France). c For comparison,
typical averaged thick tidal rhythmites (Sélune River inner estuary, Bay
of Mt. St. Michel, NW France; Tessier 1993). Arrows on all photos Neap
tide period (emersion a few days long)
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the top of TBCs and TBSs. Middle to upper regular tidal
bedding and rhythmites are not considered to be impacted
by TB-SSDs (Fig. 5). Although observations in the Bay of
Mt. Saint Michel clearly show that regular tidal
rhythmites can be deformed as well due to tidal bore pas-
sages (Tessier and Terwindt 1994), the model of Fan et al.
(2014, 2015) is consistent with the results of experimental
works performed in flumes to reproduce TB-SSDs
(Furgerot 2014; Furgerot et al. 2015). These experiments
demonstrate that vertical up and down velocity changes
alone do not induce convolute deformations. A high shear
stress is necessary as well. This means that TB-SSDs can
be produced only where tidal bores have a direct impact
on the sediment bed, both with significant longitudinal
and vertical components. Such an impact does not occur
in upper parts of intertidal channel banks that are gener-
ally gently flooded a few minutes after the tidal bore
passage.

Finally, it is worth noting that no SSDs have been
described and assigned so far in rock records to tidal bore
impacts. Neither Martinius and Gowland (2011), nor
Fielding and Joeckel (2015), nor Chamizo-Borreguero
et al. (2016) mentioned the occurrence of SSDs adjacent
to the facies they attribute to tidal bore dynamics. This
could be due to a problem of recognition, since all the
given studied formations are sand dominated.

Anyhow, soft sediment deformations of various origins
are very common features both in modern and ancient
tidal deposits (Greb and Archer 2007). This certainly im-
plies that not all SSDs affecting estuarine tidal facies can
be interpreted as tidal bore-generated features. To be
assigned to tidal bores, SSDs should be encased in non-
deformed tidal deposits, more specifically in tidal bedding
or tidal rhythmites, and should display characteristics
such as their orientation being consistent with tidal bore
propagation (cf. Fig. 2a), allowing to exclude slumps or

earthquake-generated deformations. Such combined
criteria are difficult to observe on outcrops. It is thus
probable that, in some ancient examples due to a lack of
such criteria, a tidal bore interpretation has not been pro-
posed. As an example, Plink-Björklund (2005) described
the occurrence of abundant SSDs in tidal facies deposited
in a tide-dominated estuarine environment (Eocene
Central Basin, Spitsberg). One may suggest that some of
these SSDs are TB-SSDs.

Conclusions

– A variety of sedimentary facies can be attributed to tidal
bore processes, mainly depending on the position with
respect to the axis of the channel in which the bore prop-
agates. These facies range from tidal bore couplets
(TBCs) in the channel axis to tidal bore sequences
(TBSs) in lower to mid intertidal bank facies, and tomuch
thicker-than-average tidal couplets in middle to upper in-
tertidal deposits.

– These signatures record the direct impact of tidal bores on
the sediment bottom (TBC, SSD) as well as their indirect
impact, in relationmainly with the very high SSC induced
by the tidal bore passage (complete TBS with climbing
ripples, thicker-than-average tidal couplets in tidal
rhythmites).

– Compared to regular tidal facies, tidal bore-induced sed-
imentary signatures represent conspicuous features
encased in tidal channel infilling successions, facilitating
their recognition.
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