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A tidal bore is a unique Earth surface process, characterized by its highly destructive energy, predictable periodicities and magni-
tudes, and the production of characteristic sedimentary features. Tidal bores and associated rapid flood flows are highly turbulent 
flows of the upper-flow regime with a velocity over several meters per second. Reynolds (Re) and Froude (Fr) numbers, respec-
tively, are larger than 104 and 1.0, making them significantly different from regular tidal flows but analogous to turbidity currents. 
Until now, understanding of tidal-bore depositional processes and products has been limited because of the difficulty and hazards 
involved with gauging tidal bores directly. The Qiantang bore is known as the largest breaking bore in the world. Field surveys 
were carried out in May 2010, along the north bank of the Qiantang Estuary to observe the occurrence of peak bores, including 
regular observations of current, water level and turbidity at the main channel. Several short cores were sampled on the intertidal 
flats to study the characteristic sedimentary features of tidal bores. Hydrodynamic and sedimentological studies show that the 
processes of sediment resuspension, transport and deposition are controlled primarily by the tidal bores, and the subsequent ab-
ruptly accelerated and decelerated flood flows, which only account for one tenth of each semidiurnal tidal cycle in the estuary. 
Tidal-bore deposits are generally poorly sorted because of rapid sedimentation after highly mixed suspension by intense turbu-
lence. This behavior is characteristic of the absence of tractive-current depositional components in a C-M diagram. It also goes 
along with well-developed massive bedding, graded bedding, basal erosion structures, convolute bedding and dewatering struc-
tures. Together, these sedimentary features can constitute fingerprinting of turbidites, widely distributed in the deep-water envi-
ronment. However, a tidal bore is triggered by intensely deformed tidal waves propagating into a shallow-water environment, 
which returns to regular tidal flows rapidly after the passage of the bore head. The tidal-bore deposits are usually bounded by the 
intertidal-flat deposits with typical tidal beddings at the top and on both flanks. The difference between tidal-bore deposits (TBD) 
and tidal sandy/muddy deposits (TSD/TMD) is evident not only in sedimentary structures, but also in the grain-size composition. 
They can be clearly distinguished in grain-size bivariate plots, typically the plot of mean grain size vs. standard deviation (or 
sorting). Some trend variations generally exist in mean grain size with TBD>TSD>TMD, sorting with TMD>TBD>TSD (larger 
value indicating poorer sorting), and both skewness and kurtosis with TSD>TBD>TMD. These findings will undoubtedly shed 
new light on our understanding of tidal-bore sedimentology, ancient tidal-bore sedimentary facies and environments, and related 
oil-and-gas field prospecting. 
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A tidal bore is a moving hydraulic jump, frequently occur-
ring in macro-tidal, funnel-shaped estuaries. Tidal bores 
occur at over 80 river estuaries in the world [1]. The most 

spectacular bores are those of the Qiantang Estuary (China), 
the Amazon Estuary (Brazil), and the Seine Estuary 
(France), where the bores are rolling and breaking, and are 
known as breaking bores [2,3]. The massive hydraulic pow-
er of tidal bores can exert a great impact on an estuarine 

CORE Metadata, citation and similar papers at core.ac.uk

Provided by Springer - Publisher Connector

https://core.ac.uk/display/81786554?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


 Fan D D, et al.   Chin Sci Bull   May (2012) Vol.57 No.13 1579 

environment, ecosystem, infrastructure, etc., and for that 
reason, coastal engineers pay much attention to the potential 
hazards of tidal bores. Over the last decade, the hydraulic 
behaviors of tidal bores have been extensively investigated 
through field observations [4–6], flume experiments [7,8], 
and numerical modeling [9–11]. It is generally accepted that 
undular bores begin to form with a Froude (Fr) number 
slightly above 1. As Fr increases, the stationary free-surface 
undulations are gradually agitated and rollers develop. 
Breaking bores are expected when Fr exceeds 1.7 [3,6,8,12]. 
A tidal bore is an intensely mixed turbulent flow. Reynolds 
(Re) numbers of 8.1×104–11×104 were assigned in Chan-
son’s modeling study of tidal bores [2], significantly above 
the critical Re number of 4000 for turbulent flows. The hy-
draulics of the Qiantang bores has recently been studied 
extensively because of expanding engineering constructions 
in the estuary, and great advances have been achieved par-
ticularly in numerical modeling. The entire span of the 
bores can now be simulated from their birth, through to 
growth and eventual decay, and the most characteristic sur-
face features of the bore have been successfully simulated, 
including the intersection and reflection of bores, and the 
development of straight-headed bores. The numerical mod-
eling results have been widely employed in recent estuarine 
engineering design and planning projects that include har-
nessing river channels, reclaiming intertidal lands, and con-
structing cross-estuary bridges [3,13–17]. 

Gigantic sandbar complexes in the estuarine section are 
often associated with tidal bores [18,19]. A sandbar com-
plex consisting of well sorted silts in the Qiantang Estuary is 
estimated to have a volume of roughly 425×108 m3 [19]. 
Spectacular tidal bores interpreted to have occurred in the 
Holocene Changjiang Estuary also produced a gigantic 
sandbar complex with a thickness of 20–30 m, composed of 
well sorted silts with massive bedding and erosion struc-
tures [20,21]. Buried giant sandbar complexes potentially 
are major reservoirs for oil and gas, so it is highly relevant 
to study their depositional processes and facies development. 
However, the present level of knowledge is still quite low 
regarding bore sedimentation processes and resulting sedi-
mentary features, particularly concerning the distinguishing 
features of the ancient analogues. The Late Jurassic Lour-
inhã Formation in the Lusitanian Basin of western Portugal, 
could be the first report of strata bearing tidal-bore deposits; 
however, the authors were not confident of a tidal-bore 
genesis because of their lack of comparable modern ana-
logues and a theoretical context [22]. It has basically been 
assumed that macrotidal embayments or estuaries were 
much more prevalent earlier in geological time, particularly 
during periods in the evolution of Pangea and Panthalassa 
when both nearshore and offshore tidal ranges were poten-
tially much larger than at present [23,24]. During these 
times, tidal bores should have been present in some macro-
tidal embayments/estuaries, producing distinctive deposits. 
However, they may be misinterpreted as other facies rather 

than those related to tidal bores because of the unavailabil-
ity of an appropriate facies model. For example, the sandbar 
complex in the Qiantang Estuary has been systematically 
studied since the 1960s, when Professors Ning Qian and 
Jiyu Chen published two cornerstone papers on the modern 
and historic evolution processes of the sandbar complex 
[18,19]. Investigations of the sedimentary and geomorpho-
logic features of the sandbar complex have continued, e.g. 
studies of the complex’s morphology and volume, grain- 
size composition and characteristic sedimentary structures 
[25–28]. Recent studies of strata recovered from a few 
boreholes penetrating through the sandbar complex show 
that the complex is composed of well-sorted, coarse-grain 
sediments, with the frequent occurrence of erosional sur-
faces caused by strong tidal flows at the base of sand layers 
[29–31]. Up to now, no systematic study of the sedimenta-
tion processes and facies of the tidal bores in the Qiantang 
Estuary has been undertaken. 

The location of the greatest bores in the Qiantang Estuary 
has recently shifted from Xinwan to Daquekou, and the 
peak bore magnitude has increased by 0.1–0.4 m. This has 
occurred because the channel width has been sharply re-
duced following extensive land reclamation [32]. In this 
study, hydraulic observations were carried out at a station 
near Daquekou, and a few short cores were collected on the 
intertidal flats of Daquekou and Jianshan (Figure 1) to study 
sedimentary textures and structures. The aim of this work is 
to improve our understanding of depositional processes and 
develop a system of characteristic sedimentary features of 
the tidal bores in the Qiantang Estuary, which will be fur-
ther compared with turbidites to explore the differences and 
similarities between tidal-bore and turbidity-current depos-
its, the two most-intense turbulent flows in nature. 

1  Study area 

Hangzhou Bay resembles a gigantic funnel, narrowing from 
a width of ~100 km at the bay mouth landward to less than 
20 km along the Ganpu transection (Figure 1(a)). The sharp 
decrease in estuarine width over 80 km within a longitudi-
nal distance of 85 km greatly deforms advancing tidal 
waves. In fact, the mean tidal range increases from less than 
2 m at the mouth to ~5.5 m near Ganpu [33]. The bay is 
quite shallow with an average depth of 8–10 m at low tide, 
with the exception of some deep erosional channels along 
the northern bank. The bay morphology can be roughly di-
vided into two parts along the Jianshanwai transection (Fig-
ure 1(a)), with relatively smooth muddy beds in the east and 
undular sandy beds in the west, the later characterized by 
alternations of tidal sand ridges and troughs together with 
some silty shoals [13,34,35]. 

The Qiantang River, which flows out into Hangzhou Bay, 
is highly affected by macrotides with an upstream limit of 
tide-induced water-level fluctuations at Lucibu, about 190 km  
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Figure 1  Maps of Hangzhou Bay and the Qiantang Estuary with the locations of field observations and sampling. (a) Changes in mean tidal ranges and the 
surface sediment composition within the bay and estuary (modified from [24,29,34]); (b) locations of short cores overlaid on a Google Earth satellite map of 
the Jianshan intertidal flats; (c) locations of short cores on the Daquekou intertidal flats. 

upstream from Ganpu (Figure 1(a)). Bores are usually initi-
ated in the region of Ganpu to Gaoyangshan during spring 
tides, growing upstream and reaching their peaks near 
Daquekou. Upstream of here, the bores decay and finally 
disappear a little upstream of Wenyan. The estuarine section 
with tidal bores is roughly 90 km long, characterized by the 
intense interaction of river flows and tides in the broad and 
shallow channels above the gigantic sand-bar complex. The 
estuarine channels shift frequently because of erosion and 
the predominance of coarse silts. The lower reach of the 
river, extending over 75 km from Wenyan to Lucibu, is flu-
vially dominated with significant water-level fluctuations 
caused by tides. The channel sediment here is dominated by 
sandy gravels or gravely sands [3,5,13,29]. 

The sandbar complex in the Qiantang Estuary has a lentic-
ular shape, with a longitudinal (east-west) length of ~130 km, 
and a transectional (north-south) width of ~27 km (much 

wider than the present river channel), and a maximum 
thickness of 10–20 m. The total volume is estimated at over 
425 × 108 m3 [19]. The complex has its topographic vertex 
between Cangqian and Qibao. The elevation here is roughly 
10 m above the baseline linking the bed tops at Zhapu and 
Wenyan with a very gentle seaward-sloping gradient of 
0.02% [5,19,36]. Mid-channel bars and intertidal flats are 
extensively developed in the estuarine section with signifi-
cant erosional/depositional cycles; most of these bars have 
been reclaimed since the 1960s. The Jianshan intertidal flats 
constitute the largest bank in the estuary, with a maximum 
width of 2.5 km and a total area of >25 km2 (Figure 1(b)). 
The Daquekou intertidal flats, which have developed be-
tween two headlands, are ~500 m long and ~100 m wide with 
a relatively steep slope of 1/20. They are intensely shaped by 
the straight strikes of advancing bores with surges and cur-
rents washing up and down the slope (Figure 1(c)). 
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2  Methods 

2.1  Field observations and short-core sediments  
sampling 

Field observations were carried out at the Daquekou water- 
level gauging station during spring tides in the period from 
April 30 to May 2, 2010 (Table 1). At the test site, a high 
scaled rod was firmly erected above the riverbed at a dis-
tance of ~50 m from the riverbank. Two optical backscatter 
sensors with conductivity, temperature and depth detectors 
(OBS-3A from the D&A Company of the USA) were fixed 
directly along the gauging rod, with lower and upper detec-
tors located about 1 and 1.7 m above the river bed. The po-
sition of the lower detector was close to the low-tide level 
during the deployment. One 1200 kHz acoustic Doppler 
current profiler (ADCP from the RDI Company of the USA) 
was fixed on the river bed by a steel frame with the detector 
about 50 cm above the bed; the ADCP was set looking up-
ward with 10 cm bins and a 10 s sampling interval. 

Short cores were sampled completely by hand. First, 
50−70 cm long PVC tubes were hammered into the intertid-
al deposits, then dug out using shovels. The core sediment 
samples were then firmly sealed and taken back to the la-
boratory for further analyses. Five short cores were extract-
ed from the middle transection of the Jianshan intertidal 
flats (Figure 1(b)), and two short cores from the top and 
bottom of the Daquekou intertidal flats (Figure 1(c)). De-
tails of the sampling locations are listed in Table 1. 

2.2  Core logging and grain-size analyses 

Each sediment core was split in half at the laboratory, and 
the archived halves were sealed with preservative film and 
sent for storage to a low-temperature (usually 4°C) core 
repository. The sediment surface of the working halves was 
carefully scratched by steel knives to show clear sedimen-
tary features on a flat plane. Following this, photos were 
taken and the cores were logged to record such information 
as sediment color, grain size composition and characteristic 
sedimentary structures. To make a detailed examination of 

the products of different tidal processes, all sediment sam-
ples for grain-size analyses were carefully taken within sin-
gle sandy/muddy layers with small sampling locations at 
scales of 2×2 mm2 – 3×3 mm2. Some thick sandy beds were 
continuously sampled at an interval of 2 cm. There were a 
total of 255 sediment samples collected from seven short 
cores, and the sampling spots were directly marked on the 
graphical core sections (Figure 2). Each sample was 
weighed at 0.25–0.35 g for muddy deposits, and 0.45–0.55 g 
for sandy deposits. 

All sediment samples were pretreated with the methods 
described in detail by Guo et al. [37] before instrumental 
measuring, including a treatment with 10% diluted hydro-
chloric acid and 30% oxydol to remove carbonate and or-
ganic matters respectively. The sediment-suspension sam-
ples were repeatedly washed with deionized water to neutral, 
and then dispersed for a few minutes in an ultrasonic vibra-
tor before measuring using the laser-diffraction size analyz-
er of Beckman Coulter LS230, with a detection range of 
0.375–2000 μm. 

Grain-size parameters were calculated with the moment 
method, and C (the one percentile size) and M (the median 
diameter) values were computed using the cubic interpola-
tion method of Matlab. 

3  Results and discussions 

3.1  Tidal surge, flood and ebb processes 

One ADCP was deployed on the morning of May 1, 2010, 
and retrieved after two semi-diurnal tides. Current data from 
the first tidal cycle were determined to be of high quality, 
meriting further study. Data from the lower OBS were pre-
sumably reliable during the deployment period from the 
afternoon of April 30 to the morning of May 2, 2010. 
Therefore, the instrumental data from the overlapping peri-
od were selected to study the change in water level, current 
velocities, and turbidities within a tidal cycle during a 
spring tide, specifically from 13:29 to 19:00 on May 1 and 
from 13:27 (2 min ahead of the bore arrival) on May  

Table 1  Locations of hydraulic observations and short cores sampling, length of the cores and number of sediment samples taken for grain-size analyses 

Sections Stations Longitude (E) Latitude (N) Length of cores (cm) Number of samples for grain-size analyses 

 Hydraulic station 120°39′29″ 30°34′26″ – – 

Daquekou DQK1 120°39′45″ 30°24′03″ 48.5 31 

 DQK2 120°39′44″ 30°24′01″ 63 27 

 JS1 120°44′30″ 30°21′38″ 52 59 

 JS2 120°44′23″ 30°21′36″ 55 44 

Jianshan JS3 120°44′16″ 30°21′34″ 58 34 

 JS4 120°44′09″ 30°21′32″ 56 30 

 JS5 120°44′02″ 30°21′30″ 59 30 
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Figure 2  Photographs of short cores with sampling locations and characteristic sedimentary structures indicated (JS1–JS5, DQK1, DQK2). Green and pink 
circles or squares denote the sampling locations on muddy and sandy layers, respectively, with sample numbers marked nearby; horizontal pink arrows de-
note tidal-bore depositional layers; green and blue arrows point to scour structures and water-escape structures, respectively; S and N represent the spring 
and the neap tides, respectively. 

1 to 2:00 on May 2 (immediately after the second bore to 
rapid flooding stage). Water-level and turbidity data were 
plotted every minute (Figure 3(a)). The current velocities in 
the direction of the main channel were calculated from the 
primary current data by using the vector combination 
method with positive and negative denoting flood and ebb 
flows, respectively. The deduced current data were plotted 
every 10 min (Figure 3(b)), except for the first 10 min when 
they were plotted every minute to show clearly the sharp 
variations in velocities. 

The asymmetry between the flooding and ebbing dura-
tions is highly evident near Daquekou, with very short 
flooding periods of roughly 2 h and relatively long ebbing 
periods lasting over 2 h. The transition from the flood to ebb 
flow occurs 30–60 min after the high tide with the velocity 
approaching to zero. One single tidal cycle  can be divided 
into 7 stages on the basis of characteristic  variations in wa-
ter levels, flow velocities and turbidities (Figure 3).  

(1) Bore to rapid flooding stage. This lasted for merely 
~20 min with the first several seconds of the bore-head pas-
sage characterized by significant breakers and rollers, fol-
lowed by rapid flood flows with velocities that changed 

between 1.10–2.10 m/s with an instantaneous maximum 
speed of 2.47 m/s. The water level was elevated abruptly by 
~2 m during the bore-head passage, and continued growing 
higher rapidly throughout the stage. The turbidity rose rap-
idly from near zero to 1800 NTU in the 5 min after the pas-
sage of the bore, and then fluctuated in the range of 1800– 
2000 NTU.  

(2) Sharply decelerated flooding stage. This period was 
characterized by an abrupt decrease in velocity from ~1.10 
to ~0.60 m/s, and turbidity from ~1800 to ~450 NTU over 
30 min, while the water level still rose at a relatively rapid 
speed.  

(3) Slow flooding stage. The velocity dropped rapidly 
below 0.50 m/s in the early stage and then stabilized at be-
tween 0.15 and 0.30 m/s for a longer time. The turbidity 
declined slowly toward a minimum value of ~170 NTU 
over the whole flooding period. The water level rose slowly 
toward its highest point and then declined very slowly for a 
few centimeters during the late stage.  

(4) Transitional stage. The velocity approached zero. The 
water level began slowly descending, and the turbidity 
fluctuated but with a small ascending trend.  
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Figure 3  Changes in water level stages, turbidities (a), and tidal flows (b, positive denoting flood flows), within a tidal cycle during a spring tide at the 
Daquekou gauging station in the Qiantang Estuary. The photo shows the rolling bore head and highly turbid water behind the bore, taken at 12:53 on April 
30, 2010 (c). 

(5) Initial slow ebbing stage. Both the velocity and the 
turbidity were slowly increased with evident undulations. 
The water level declined relatively rapidly.  

(6) Rapid ebbing stage. The velocity stayed above 0.50 
m/s for a long time before declining at the late stage. The 
turbidity increased slowly toward a maximum of ~550 NTU 
before decreasing during the last ten minutes. The water 
level fell relatively rapidly.  

(7) Slow ebbing to slack stage. No current data were 
available because of subaerial exposure of the ADCP during 
the low tide. The flow was visually observed to be very 
slow and the water level declined relatively rapidly to the 
low tide at the early stage and then remained for ~4 h while 
the tide was slack. The turbidity dropped rapidly from ~500 
to ~100 NTU during the first 2 h, and then decreased slowly 
toward and fluctuated near 30–40 NTU until the arrival of 
the next bore. 

3.2  Sedimentary structures 

Various sedimentary structures are well developed in the 
short-core sections (Figure 2, Table 2). Primary structures 
typical of a tidal genesis include mud drapes, mud couplets, 
spring-neap tidal cycles, and bi-directional cross-laminae. 
These occur widely in cores DQK1 from the Daquekou up-
per intertidal flats, and JS1–JS3 (typically JS1) from the 

Jinshan upper intertidal flats. Sedimentary structures like 
ripple beddings, inclined and parallel beddings are inter-
preted to have formed under increasing energy conditions 
according to their characters and development locations. For 
example, ripple beddings are widely present at the top of 
JS3 without the direct impact of tidal bores, whereas in-
clined and parallel beddings are evident in the two cores 
from the Daquekou intertidal flats and the lower part of JS4, 
which were highly exposed to the direct influence of tidal 
bores. Scour structures are extensively distributed in all 
cores, particularly at the base of thick sandy laminae or 
massive sand beds, indicating their genesis by the eroding 
forces of strong tidal flows near the bank and of tidal bores 
near the main channel. Well-compacted massive beddings 
are evident in the cores taken from the middle-to-lower in-
tertidal flats at Jianshan, where JS5 is almost completely 
composed of massive beddings, with the exception of the 
topmost 6.5 cm; massive beddings are only present in the 
lower parts of JS4 and JS3. We therefore suggest that mas-
sive beddings are the result of rapid deposition after the 
bore to rapid flooding stage. 

Water-escape structures and associated secondary struc-
tures like folded and convoluted beddings are also widely 
present in the cores (Figure 2, Table 2). They are particu-
larly evident in cores JS3, JS4 and DQK1, where abundant 
dark platy minerals are arranged regularly into laminae in  
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Table 2  Characteristic sedimentary structures and interpretations of their genesis 

Type Nomenclature Distribution Genesis interpretation 

Primary 
sedimentary 
structures 

Muddy drapes or 
laminae 

Present on all cores, typically well 
developed on JS1, common on JS2, 
JS3, and DQK1, scare on the others 

Deposition by slow flows approaching or at the slack tides 

Regular 
tidal flows 

Mud couplets 
Present on JS1 and JS2, typically at 
the section of 42–45 cm on JS1 

Two thin muddy laminae formed during the slack tides, 
with one intercalated sandy lamina by the weak ebb flow 

Spring-neap tidal 
cycles 

Distributed on JS1, JS2, and JS3, 
typical for those on JS1 

Thicker and thinner sandy laminae formed respectively at 
spring and neap tides, cyclic changes in lamina thickness 
denoting the spring-neap tidal cycles 

Ripple beddings Typical at the topmost 3 cm of JS3 Production of lateral progradation of small current ripples 

Parallel and inclined 
beddings, 
bi-directional cross 
beddings 

Majorly present on JS4, DQK1, and 
DQK2 

Production of bi-directional tidal flows, lateral prograda-
tion of current ripples, or aggradation over the plane bed 

Scour structures 
Extensive distribution on all cores, 
typically at the base of thick sand 
laminae or massive sand beds 

Result of erosion by strong tidal flows 
Strong 
tidal flows 

Massive beddings 
Typically on JS5 except the topmost 
6.5 cm, and the lower ports of JS3, 
JS4 

Coarse-grained, massive beds denoting rapid deposition 
after the bore to rapid flowing regime 

 

Secondary 
sedimentary 
structures 

Dewatering structures 
Widely present in all cores except 
JS1, typical for those on JS3, JS4, and 
the upper section of DQK1 

Some downward folded laminae potentially produced by 
the direct response to great pressure of the surging head 

 
Tidal 
bores 

Folded and convolut-
ed beddings 

Commonly present together with 
dewatering structures 

Primary structures deformed by liquefaction and dewater-
ing 

Load, fault and sliding 
structures 

Common on JS4, JS5, DQK1, and 
DQK2 

Product of gravity action and sand layer liquefaction 

 

 
the thick sand beds. Together with mud drapes at the top, 
they act as barriers to the agitating pore water at the initia-
tion stage of liquefaction. Eventually, they were breached as 
the power-water pressure increased to produce dewatering 
pipes, and convoluted and folded beddings. The overpres-
surization of sandy layers is interpreted to have resulted 
mainly from the abrupt increase in water level and the in-
tense beating of the breakers and the rollers during the pas-
sage of tidal bores. Some downward folded laminae or de-
formed structures are presumably a direct response to the 
intense surging pressure at the early stage. Then, upward 
oriented dewatering structures were produced when the top 
pressure decreased after the passage of a tidal bore. Small 
fault and sliding structures are widely distributed in DQK1 
and DQK2, potentially resulting from the joint action of 
gravity, intense bore surging and back-washing currents on 
the steep bank. 

3.3  Grain size analyses 

(i) Grain size compositions and parameters.  Deposits in 
the short cores from the Jianshan and Daquekou intertidal 
flats are mainly composed of silts. The mean grain sizes are 
5.04 φ and 6.04 φ respectively for sandy and muddy lami-
nae/beds with predominant compositions of very fine sands 
to coarse silts and medium to fine silts (Table 3). The sort-
ing (standard deviation) values fluctuate over a small range 
from 1.33 φ to 1.86 φ, denoting poor sorting based on the 
model of Jia et al. [38] for the moment parameters. The 
sorting of the sandy layers is generally a little better than 

that of the muddy layers, although their difference is quite 
limited. The skewness values change over a wide range 
from 0.29 to 2.44, supposing positive to strongly positive 
skewness, a common feature for tidal deposits having a tail 
of excess fine particles that are deposited during times of 
slack tides. The mean skewness values are 1.09 (positively 
skewed) and 1.94 (strongly positively skewed), respectively, 
for the muddy and sandy layers. The difference is mainly 
attributed to their different grain size compositions, espe-
cially the predominant size components. Additional inputs 
of extremely fine particles form a long fine-grain tail to the 
coarse-grain predominance of the sandy layers, while they 
have little effect on those dominated by fine grain sizes, i.e. 
muddy layers. Grain-size frequency curves are all generally 
single-crested, and the kurtosis values change from 2.31 to 
8.99, which ranks as leptokurtic to very leptokurtic magni-
tudes. The mean kurtosis value (6.70) for the sandy layers is 
almost double that of the muddy layers (3.70), which corre-
sponds to the former having better sorting and higher con-
centrations of the predominant grain sizes than the latter. 

Grain-size analyses of the sand layers show a general 
fining-bankward trend on the Jianshan intertidal flats, with a 
bankward decrease in sand contents vs. increase in silt con-
tents (Table 3), determined by the gradual weakening of 
tidal flows in the same direction. However, the difference is 
not significant between DQK1 and DQK2 in terms of size 
percentages and size parameters (Table 3), even though they 
were extracted near the top and the bottom of the Daquekou 
intertidal flats, respectively. This is assumed to be the result 
of intense mixing by strong tidal surging, upward and  
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Table 3  Grain size parameters of the Jianshan and Daquekou intertidal deposits 

Sandy/muddy layers Numbers of samples Mean size (φ) Sorting (φ) Skewness Kurtosis 
Sediment size percentages 

Sand Silt Clay 

Muddy 50 6.04 1.65 1.09 3.70 3.14 82.04 14.82 

Sandy 205 5.04 1.49 1.94 6.70 16.54 76.37 7.09 

Sandy 

JS1 42 5.23 1.46 1.88 6.45 8.70 83.75 7.55 

JS2 26 5.34 1.48 1.82 6.12 7.68 83.97 8.35 

JS3 29 5.00 1.46 1.95 6.90 16.11 77.28 6.61 

JS4 30 4.98 1.44 2.11 7.48 16.37 77.19 6.44 

JS5 28 4.73 1.58 1.89 6.39 33.37 59.94 6.69 

DQK1 20 4.91 1.48 2.06 7.11 20.25 73.17 6.58 

DQK2 30 4.98 1.51 1.93 6.60 17.61 75.22 7.16 

 
 

backward swashing over the entire narrow intertidal zone, 
making it difficult to deposit fine grains any higher on the 
higher intertidal flats. Note that the parameters of sorting, 
skewness and kurtosis do not vary significantly in the sandy 
layers of the various cores (Table 3). 

(ii) Discrimination between tidal-bore and regular-tidal 
deposits.  Scattering plots of two different grain-size pa-
rameters have been used widely to discriminate between 
different major sedimentary environments. They are em-
ployed here to study different tidal depositional processes 
and their related products. The bivariate plot of mean grain 
size and sorting displays a general shape “” for all samples 
from the Jianshan intertidal flats, with muddy deposits con-
centrated in the upper-right area and sandy deposits in the 
lower-left (Figure 4(a)). Detailed comparison studies be-
tween sedimentary structures and grain-size characters 
found that the sampled sandy sediments exhibited a tidal 
bore genesis based on the sedimentary structures like thick 
massive beddings are concentrated at the upper-left region, 
and other sandy samples are assembled at the lower-central 
region. The sandy deposits can be further subdivided into 
those with a bore genesis at the upper left and those with a 
regular tidal genesis at the lower central (Figure 4(a)). The 
sandy layers in the Daquekou intertidal flats are difficult to 
characterize as bore or regular tidal deposits based simply 
on the sedimentary structures, because massive beddings are 
absent or not well developed. These grain-size data were 
plotted on an interpretative map of depositional processes at 
work in the Jianshan intertidal deposits. This shows that the 
muddy-deposit samples were mostly concentrated in the 
tidal muddy deposit (TMD) areas. Some sandy-deposit 
samples were plotted in the tidal sandy deposit (TSD) areas 
and others were interpreted to be in tidal bore deposit  
(TBD) areas (Figure 4(b)). All tidal-bore-deposit sampling 
locations that could discriminate relationships between 
mean grain size and sorting were directly marked on the 
core sections (Figure 2). Most of these samples have been 
demonstrated to have come from the basal parts of sandy 
layers with well developed massive beddings, parallel or 
inclined beddings, supporting their production as part of a 

high-energy tidal process. It is therefore concluded that 
TMD, TSD and TBD can effectively be discriminated 
through the use of a bivariate plot, between mean grain size 
and sorting, because of the different mechanisms of tidal 
deposition that they follow. 

Bivariate plots of sorting vs. skewness or kurtosis also 
demonstrate the different distribution patterns of TBD, TSD 
and TMD. Their distributions can be easily discriminated 
with clear boundaries among the three kinds of tidal depos-
its on the Jianshan intertidal flats. The linear regression 
analyses show high but negative relationships of sorting vs. 
skewness or kurtosis for each tidal depositional subdivisions 
with the least R2 value equal to 0.755 (Figure 4(c),(d)). 

(iii) C-M diagram and its interpretation.  The general 
C-M distribution pattern of seven short cores from the 
Jianshan and Daquekou intertidal flats is quite similar with-
in the segments of S-R-Q-P in the fluvial C-M diagram [39] 
(Figure 5). The C-M points of TMD scatter over a wide 
range, but the major components occupy the SR segment, 
parallel to the X-coordinate (M value), representing sedi-
ments transported as a uniform suspension. The TSD and 
TBD C-M points are mostly distributed at the lower and 
upper parts of the RQ segment, respectively, with some 
TBD C-M points scattering at the PQ segment. The RQ 
segment, which is characterized by being parallel to    
line C=M, denotes sediments transported as a graded sus-
pension. The PQ segment, characterized by being of parallel 
to the Y-axis (C value), represents sediments transported 
mainly in a graded suspension with some in a rolling com-
ponent. In short, sediments in the section of the Qiantang 
Estuary affected by the bore mainly were transported as 
suspended load, with a small fraction, if any, transported as 
bed load. 

Some small areas of overlap do exist between TBD and 
TSD, and TSD and TMD in the C-M diagram. This indicates 
the gradual transition among the three different depositional 
processes. The values of Cu and Cs, corresponding to the 
largest grain size transported as a uniform suspension and a 
graded suspension, are 90 m (3.5 φ) and 165 m (2.6 φ), 
respectively. These values are both lower than those found 
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Figure 4  Grain-size bivariate plots of mean grain size vs. sorting ((a), (b)), and sorting vs. skewness and kurtosis ((c), (d)). TBD is abbreviation for tidal 
bore deposits, TSD for tidal sandy deposits, TMD for tidal muddy deposits, SD and MD for sandy and muddy deposits. 

 
Figure 5  C-M diagram of tidal deposits along the north bank of the  
Qiantang Estuary affected by tidal bores. 

in fluvial deposits [39], which is potentially controlled by 
the major component of fine grains in the Qiantang Estuary, 
which has very few grains coarser than coarse silts. 

3.4  Mechanisms of tidal bore sedimentation and the 
formation of their characteristic sedimentary structures 

The asymmetry between the flooding and ebbing phases of 
tides in the Qiantang Estuary is extraordinary. This is as-
sumed to be the major mechanism controlling sediment 
suspension, transportation and deposition in the section of 
the river affected by the bore. The ebb duration is generally 
several times longer than the flood duration [3,13]. For ex-
ample, an ebb duration of more than 10 h is approximately 
four times the flood duration of more than 2 h observed 
during the spring tides at Daquekou. The maximum near- 
bottom (1 m above the bed) velocities for this period were 
0.7 and 2.1 m/s for the ebb and flood flows, respectively, 
with the latter being three times the former. The maximum 
turbidity variation usually occurs at the same moment as the 
passage of the bore-head, and a few minutes ahead of the 
maximum flooding regime. The hydraulic observations at 
Daquekou showed that the suspended concentration jumped 
sharply from a minimum value in the range of 0–50 to 
1300–1800 NTU within one or two minutes before and after 
the bore. Another field observation at the Twentieth Con-
struction Section (TCS or Ershigongduan), opposite 
Daquekou (Figure 1(b)), also showed the same phenomenon 
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with an abrupt increase in turbidity from ~0 to 70 g/L im-
mediately before and after the bore [16]. It was thus extrap-
olated that vast amounts of sediment resuspension was 
mainly ascribed to the intense turbulence and mixing of 
breaking and rolling waves at the bore head.  

Both flume experiments and numerical modeling results 
demonstrate that the eddy turbulence generated by tidal 
bores, typically by breaking bores with Re higher than 104 
[2], was highly capable of eroding and suspending huge 
volumes of sediment. Sediment dispersal is highly deter-
mined by tidal flows. Rapid flood flows following the pas-
sage of the bore potentially transport vast amounts of sedi-
ment upstream and toward the intertidal flats during a stage 
with high suspended-sediment concentrations and rising 
water level. During the following stage, vast amounts of 
suspended sediments should be deposited rapidly because of 
a sharp deceleration of flood flows. This lasted only 30 
minutes with a drastic drop of turbidity from ~1800 to ~450 
NTU according to our single field observation. After these 
first two stages, absolute values of flow speeds and their 
variation magnitudes were relatively small. A maximum 
speed of 0.7 m/s occurred at the rapid ebbing stage, but its 
general competence to resuspend sediments was presumably 
low and the suspended sediment concentration was not ob-
served to increase significantly either. The suspended sedi-
ment concentration fluctuated between 300 and 500 NTU 
for a long time following the slow flooding stage (stage 3), 
and declined toward zero from the late slow ebbing stage to 
the slack stage (stage 7, Figure 3). In short, sedimentation in 
the bore-affected section of the river is mainly controlled by 
the tidal bore and closely related processes, including the 
abrupt rise in water level, and the rapid increase and de-
crease in flow velocities during and immediately after the 
passing of the tidal bore. Although all these processes only 
account for roughly one tenth of a single tidal cycle, and 
regular tidal processes over the remaining nine tenth of the 
tidal cycles have a limited capacity to affect bed morpholo-
gy and strata formation, especially for the main channel. 

In the river section of the Qiantang bore, the deposits are 
mainly composed of coarse silts and fine sands with a phi 
value between 2 and 5 φ, characterized by easy resuspen-
sion and resettling [5,13]. The main channel deposits consist 
of 70%–80% coarse silts and fine sands with very few 
grains coarser than coarse sand, so almost all sediment is 
subject to resuspension by the intense erosion and eddy 
turbulence of the breaking bores. This conclusion is sup-
ported further by the C-M graphic interpretation. Where 
most C-M points accumulate on the SR and RQ segments, 
representing sediments transported as uniform suspension or 
graded suspension, and only a few points fall on the PQ 
segment that denotes the predominance of suspended loads 
over bed load. Absolutely no points are plotted on the OP 
and NO segments that represent the dominance of bed load 
(Figure 5). We postulate that the suspended sediments were 
fully mixed to form uniform suspension under intense vor-

tex turbulence at the bore to rapid flooding stage. Rapid 
sedimentation of these suspended sediments should then 
occur at the sharply decelerating flooding stage, which cor-
responds to decreased turbulence. Settling sediments poten-
tially increase the suspended concentration near the bottom, 
leading to stratification, which further depresses the turbu-
lence and promotes sedimentation [39]. Coarse sediments 
should be first to settle out of the water to deposit massive 
bedding, graded bedding, etc., and produce characteristic 
structures that can be used to discriminate tidal bore depos-
its from other types of deposits (Figure 2). Although tidal 
bore deposits are the product of high-energy flow, their 
sorting is usually poor because of rapid deposition from a 
highly mixed suspension. At the slow flooding stage, lower 
rates of sedimentation occur because of lower suspended 
sediment concentrations. Stable flow conditions favor the 
development of well sorted strata, even though the currents 
are still high enough to transport coarse grains as graded 
suspension. Increasing bed loads then deposit to form par-
allel bedding, ripple bedding and bidirectional cross-bed- 
ding. During the transitional stage from flooding to ebbing 
with the current velocity approaching to zero, the high tide 
potentially lets the upper uniform suspension flow over the 
upper intertidal flats to deposit fine-grain layers that are 
predominantly muddy and poorly sorted. The characteristic 
sedimentary structures observed in the five short cores from 
the Jianshan intertidal flats reveal the depositional trend of 
three tidal processes from sharply decelerating, through 
slow flooding, to the a transitional stages, where the tidal 
bore deposits mainly occurred in the main channel and the 
middle-lower intertidal flats, and tidal sandy and muddy 
deposits were mostly deposited and preserved at the mid-
dle-upper intertidal flats as water level subsequently rose 
and the velocity of flows decreased (Figure 2). The C-M 
points were plotted in separate segments from PQ to QR to 
RS, denoting the direction of energy decrease for the three 
different depositional processes. The sediment dynamics are 
significantly different among TBD, TSD and TMD thereby 
producing diverse grain-size compositions that potentially 
can be characterized using bivariate plots of any two grain- 
size parameters (Figure 4). 

The ebb flows in the Qiantang Estuary are generally 
weak at the intertidal flats, with limited effect on sediment 
resuspension, transport and deposition to produce or pre-
serve individually discernible sedimentary units. However, 
the ebb flows are relatively enhanced during spring tides, 
and can produce competent deposits of a few millimeters in 
thickness. These are usually manifested as 1–2 mm thick 
sandy laminae at the middle-upper intertidal flats, which are 
interlayered with two muddy laminae to form mud couplets 
(Figure 2). Such couplets are extensively used as a discrim-
ination marker for tidal deposits. The groupings with thicker 
sandy laminae and well-developed mud couplets in JS1 
were therefore interpreted to be spring tide deposits, where-
as groupings with thicker muddy laminae and a lack of mud 
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couplets were assumed to be neap tide deposits; their alter-
nations therefore denote spring-neap tidal cycles. The 
rhythmic deposition of spring-neap tidal cycles may be a 
common accompaniment of tidal bores, usually developing 
at the middle-upper intertidal flats or at the flanks of small 
creeks where direct strikes of the tidal bores do not occur 
(e.g. the Turnagain Arm Estuary, Alaska [40]). 

The riverbed of the Qiantang Estuary is subjected to se-
rious erosion and sediment suspension under the joint ac-
tions of strong tidal flows, the intense pressure of tidal 
surges, breaking and rolling waves, and vortex turbulence. 
These processes result in various scour structures in the 
strata. New depositional beds have a high potential to liquefy 
under sharply increased pressure from abruptly rising water 
levels combined with breaking and rolling tidal surges, creat-
ing various convoluted bedding and dewatering structures. 
The pressure exerted by the passage of tidal bores was meas-
ured to reach 70 kPa in the Qiantang Estuary [13], potentially 
causing the new rapidly deposited beds containing abundant 
pore water to liquefy. Some downward folded beddings at the 
basal part of deformed sand layers are assumed to have re-
sulted from the direct impact of the bore. As the top pressure 
by the external forcing decreases and is exceeded by the in-
ternal pressure of the roiling pore water because of liquefac-
tion, normal dewatering structures are formed with upward 
folded or convoluted bedding (Figure 2). For example, 
soft-sediment deformation structures and small dewatering 
pipes are commonly reported in the intertidal depositional 
strata of the Turnagain Arm Estuary. These were originally 
ascribed to seismic events in this intense earthquake prone 
region, but following detailed field observations are now 
considered to have formed by tidal bores [41]. 

Eddy turbulence originating from tidal bores is highly 
similar to that related to turbidity currents. The deposits that 
they produce share some common features, like poor sorting 
due to rapid deposition, and the development of massive 
bedding, graded bedding, scour structures, convolute bed-
ding and dewatering structures [42]. They are, however, 
obviously different in their environment of deposition and 
flow regimes. A turbidity current is a type of sediment grav-
ity flow that forms mainly in a deep-water environment; a 
tidal bore is produced by the deformation of an advancing 
tidal wave in a shallow water environment. Tidal-bore de-
posits in main channels grade laterally to regular tidal de-
posits, with characteristic tidal beddings found in higher and 
shallow tidal flats. Therefore, it is easy to discriminate tid-
al-bore deposits from turbidites in terms of their associa-
tions with neighboring facies in a sedimentary system. 

4  Conclusions 

A tidal bore is a unique geological process on the Earth’s 
surface that creates characteristic sedimentary morphologies 
and strata. A tidal bore can be a highly powerful agent when 

it triggers a sharp increase in water level, flow speeds, sus-
pended sediment concentration, and impulse forcing during 
the passage of breaking and rolling bore heads. Breaking 
bores and subsequent rapid flows have many similarities 
with turbidity currents in terms of upper-flow regime (Fr> 
1.0) and intense turbulent flow (Re>104) observed with 
maximum velocities of several meters per second. Rapid 
sedimentation occurs at the sharply decelerated flooding 
stage, producing poorly sorted deposits characterized by 
massive bedding, graded bedding and basal scour structures. 
Soft-sediment deformation structures are also developed, 
including convoluted bedding and dewatering structures. 
These occur because of the liquefaction of newly deposited 
beds that contain abundant pore water, triggered by the 
passage of the bore above. The C-M graphic interpretation 
demonstrates that the sediments are mainly transported as 
suspended loads with only a slight amount of bed load un-
der fierce vortex turbulence in the bore-affected river sec-
tion. The sedimentary features of tidal-bore deposits are 
highly similar to those observed with turbidites. However, 
in obvious contrast from turbidity currents of sediment 
gravity flows, tidal bores occur at the highly deformed front 
of advancing tidal waves as they propagate into a shallow 
and funnel-shaped estuary. The tidal bore and subsequent 
rapid flood flows take a leading role in shaping estuarine 
morphology and depositional strata, even though they only 
account for about one tenth of a single semidiurnal tidal 
cycle. Regular tidal flows over the remaining nine tenths of 
the tidal cycle exert high impacts on sedimentation at the 
higher intertidal flats. Tidal-bore deposits therefore can be 
discriminated from other rapid deposit events in terms of 
their facies association with regular tidal deposits at the top 
and on both flanks. The differences between tidal-bore and 
regular tidal deposits are evident not only in sedimentary 
structures, with the former having characteristic thick mas-
sive beddings and the latter commonly developing with tidal 
beddings (lenticular, wavy and flaser beddings), mud cou-
plets, and spring-neap tidal cycles, but also in the grain size 
composition. Scattering plots of any two grain-size parame-
ters have the potential to differentiate the three kinds of tidal 
deposition: TBD (tidal bore deposit), TSD (tidal sandy de-
posits) and TMD (tidal muddy deposit), with some general 
trends in terms of mean grain size with TBD>TSD>TMD, 
sorting of TMD>TBD>TSD (larger value indicating poorer 
sorting), and both skewness and kurtosis with TSD>TBD> 
TMD. 
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