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Summary 
Tidal bores are common in macrotidal settings and have been documented in more than 400 
locations in the modern world.  Thus, they are an important component of the fluvial-tidal transition 
in areas with large tides!  They range in height from almost imperceptible non-breaking waves to 
walls of water 3 m high! Their deposits are poorly understood and only rarely documented.  A 
synthesis of observations of inferred tidal-bore deposits suggests that the ideal, complete 
succession generated by a single bore consists of: a sharp basal surface that can be either 
erosive or passively draping of the preceding deposit; a structureless (i.e. ‘massive’) layer of sand, 
which passes gradually up into indistinct parallel lamination that becomes better-defined upward; 
and a capping layer of current ripples that may be overlain by a slack-water mud drape.  Such 
successions range in thickness from < 1 cm to >20 cm, but many are truncated and incomplete 
because of later erosion.  They have a striking resemblance to the deposits of high-density 
turbidity currents.  Recent measurements indicate that breaking tidal bores are associated with 
intense turbulence that leads to the suspension of high concentrations of fine to very fine sand 
that are advected landward and settle to the bed quickly after the passage of the bore.  Application 
of flume data on the influence that near-bed sediment concentrations have on the nature of the 
deposits indicates that the peak suspended-sediment concentrations (SSCs) generated by tidal 
bores are high enough to suppress near-bed turbulence, a condition that is responsible for the 
structureless deposits.  Gradual reduction in the near-bed SSC allows progressively better 
definition of the lamination under upper-flow-regime conditions.  Eventually flow conditions drop 
into the lower flow regime, at which time the capping ripples form.  Thus, tidal bores and high-
density gravity flows are close analogues. 
 

Background 
Tidal bores are a prominent tourist attraction at many locations around the world, and have 
prompted people to attempt to surf the tide-generated wave that travels up a river as the tide 
floods (Chanson, 2012a).  Such bores are created when the front of the incoming tide becomes 
over-steepened because friction on the bed retards motion of the trough more than the crest of 
the tidal wave.  Tidal bores have been documented at more than 400 locations world-wide, and 
are especially common in areas with tidal ranges >4 m (i.e., macrotidal), although they are not 
restricted to such areas. Tidal bores are a ‘hydraulic jump in translation’, which means that they 
are a hydraulic jump if the frame of reference is fixed on the front of the moving tidal bore.  The 
character of the bore can be described using the tidal-bore Froude number (Frtb; Figure 1): 
 

Frtb = ((V1 + U)) / √((g d1))  
 
where  U = ((V1  d1 ) - (V2 d2)) / (d2 - d1) 
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Figure 1. Water-surface profile of a tidal bore that is propagating from left to right, showing the 
variables needed to describe its character using the tidal-bore Froude Number (Frtb). 
 
 
All tidal bores have an Frtb greater than one.  If the Frtb is between 1 and 1.8, the bore is a non-
breaking discontinuity in the water surface followed by a series of waves termed ‘whelps’ (Figure 
2A; Chanson, 2012a; Benneton et al., 2015)).  If, however, Frtg > 1.8, the bore is a highly turbulent, 
breaking wave (Figure 2B).  In simple terms, the height and energy of the bore increase as tidal-
bore Froude number increases.  The maximum recorded tidal-bore height is ~ 3 m.  In a single 
system, the tidal bore is small at its point of inception.  From there, it grows in height in a landward 
direction to some peak amplitude, after which it becomes smaller until it disappears near the tidal 
limit.  Cross-channel variations in height and character occur because of changes in water depth 
(Figure 2): breaking is most pronounced in shallow water.  The character of the tidal bore also 
changes over the neap-spring tidal cycle, and with changes in river discharge, because of 
changes in the water depth and current speeds (Figure 1). 
 

 
Figure 2. Small tidal bores in the Salmon River estuary, Bay of Fundy, Nova Scotia.  (A) 
undulatory (non-breaking) tidal bore with a distinct front that is followed by a series of ‘whelps’.  
(B) Breaking tidal bore.  Both bores are ca. 15 cm high.  In other systems, the bore can be much 
larger. 
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The Study Area 
The tidal-bore deposits described here were recovered in cores from the inner part of the 
Cobequid Bay-Salmon River estuary, located near Truro, Nova Scotia (Figure 3; Dalrymple and 
Zaitlin, 1994; Dalrymple et al., 2012; Dalrymple, 2021).  Tidal bores are initiated near the Zone 1-
2 boundary and propagate continuously to within ca. 2 km of the tidal limit.  The cores examined 
come from the inner, high-energy sand flats (Zone 2) and the outer part of the fluvial-tidal transition 
(Zone 3A).  The sediments in the axial part of the system that is affected by the tidal bores consist 
of fine to very fine sand that shows a headward-fining trend.  Relief on the bed is subtle, consisting 
of a network of braid-like bars in Zone 2, and bank-attached alternate bars in Zone 3A.  The cores 
were collected by manually driving a 7.6 cm-diameter PVC pipe into the sediment to a depth of 
up to 1.5 m.  The recovered cores were cut in half lengthwise, and peels were made by pouring 
an epoxy-hardener mixture on the smoothed surface.  The detail preserved in the peels is 
exceptional, and laminae less than 1 mm thick are easily resolved. 
 

 
Figure 3. Satellite image of the Cobequid Bay-Salmon River estuary, showing the zonation of 
depositional facies, and the distance over which tidal bores propagate.  The tidal bore is largest 
near the Zone 3A-3B boundary (see inset).  The cores used in the study described herein were 
collected throughout Zones 2 and 3A.  For detailed core locations, see Dalrymple (2021). 
 
 

Observations 
The dominant sedimentary structure in the channel sands is parallel lamination, comprising 
>50% of the deposits.  It is interpreted as having been formed by upper-flow-regime conditions, 
given that peak flood-tide current speeds exceed 2 ms-1, and antidunes are widespread on the 
water surface.  Antidune structures (Middleton, 1965; Cartigny et al., 2014) might be present, 
but could not be identified because of the narrow width of the peels.  Additional descriptive 
details of the parallel lamination can be found in Dalrymple (2021).  Current ripples are the 
second-most common structure (~25%).  Even though most of the study area is dominated by 
the flood tide, ebb-oriented ripples are twice as abundant as flood-oriented ripples, perhaps 
because of preferential preservation of ebb ripples by rapid deposition of sand by the tidal bore 
(see more below).  A minor structure volumetrically is decimetre-scale cross bedding.  It cannot 
have been formed by dunes because the sand is too fine, and it is interpreted to represent 
small, delta-like bodies that form just before emergence of the sand flats. 
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 Structureless sand layers make up 13% by volume of the deposits, with as many as 20 
structureless layers present in each metre of sediment.  Individual layers range from < 5 mm to 
> 10 cm thick (Figure 4).  On average, the structureless layers become more abundant and 
thicker through Zone 2 into Zone 3A (Figure 5), trends that correspond to the landward increase 
in the size of the tidal bore.  The base of the layers shows a variety of expressions.  In many 
cases, it is conformable with the underlying parallel lamination, whereas in many instances 
there is evidence of erosion that ranges from minor rounding of underlying ripples to 
pronounced incision.  In a small number of examples, the base of the structureless layer 
conforms to the shape of underlying ripples, which suggests passive draping of the micro-
topography.  Within the structureless layer, there is no evidence of vertical change in sand grain 
size, or in the content of fine-grained matrix.  The top of many structureless layers is sharply 
overlain by parallel lamination or capped with subtle erosion by current ripples.  A significant 
number of structureless layers pass upward gradationally into sand with faint parallel lamination; 
indeed, some layers that initially appear structureless display faint parallel lamination throughout 
their entire thickness (Figure 4E, F).  Commonly, the lamination becomes progressively more 
distinct upward (Figure 4D). 
 

Interpretation of Structureless Layers 
The structureless layers present in the Cobequid Bay-Salmon River peels are similar in their 
characteristics, although thinner on average, than the tidal-bore deposits that have been 
described in the modern (Fan et al., 2014) or interpreted in ancient fluvial-tidal successions 
(Martinius and Gowland, 2011; Fielding & Joeckel, 2015; Tessier et al., 2017).  Structureless 
sand is the common feature of all occurrences.  Prominent erosional bases are present in the 
thicker beds, and draping deposition has been reported in some outcrop examples.  Upward 
passage from structureless to parallel lamination is has not been highlighted in these preceding 
reports.  Instead, the presence of soft-sediment deformation, which is thought to be caused by 
the cyclic loading generated by the whelps that accompany many bores (cf. Figures 1, 2A).  
Such deformation structures are not common in the present study area. 
 The field-based studies of the effects of the passage of a tidal bore (Fan et al., 2012, 
2016; Furgerot et al, 2013, 2016) show clearly that there is an almost instantaneous, dramatic 
rise in the SSC values (Figures 6B, 7), with concentrations reaching > 50 gl-1 a few centimeters 
above the bed, with even higher concentrations likely right at the depositional interface.  Shortly 
after passage of the bore, turbulence levels decrease and the sediment settles back to the bed, 
most likely at a location farther landward than where it was picked up.  Depending on the 
rapidity of collapse of the sediment cloud (see especially Fan et al. (2012, figure 3) who show 
SSC values decreasing almost as abruptly as they rose!), aggradation rates will also spike, 
potentially reaching high values. 
 Although the pattern of water-surface and SSC values shown in Figure 8 was measured 
at a fixed location (i.e., flow viewed from the Eulerian perspective), it is reminiscent of a turbidity 
current that is travelling from right to left (i.e., flow viewed from the Lagrangian perspective).  
Thus, it is proposed that an energetic tidal bore is analogous to a high-density turbidity current: 
in the case of the turbidity current, it is ‘pulled’ downslope by the excess density, whereas the 
tidal bore is ‘pushed’ by the advancing tidal wave.  Use of this analogy provides a wealth of 
recent experimental work that helps to understand the origin of the tidal-bore deposits. 



 

 

GeoConvention 2022 5 

 
Figure 4. Representative peel photographs showing the typical interstratification of parallel 
lamination and structureless layers.  The letters at the top and bottom are core numbers; for 
location information, see Dalrymple (2021).  The scale bar in (F) applies to all images.  The 
bases of the structureless layers in (A) and (B) show pronounced erosion; a clast of sand is 
indicated by the white arrow in (B).  Sand dykes have injected both downward and upward from 
the structureless layer in (C).  The structureless layers in (D) and (E) are conformable with the 
intervening parallel lamination.  In (D), the two layers indicated by white arrows show more 
distinct lamination upward; additional examples are present in (E).  The ‘structureless’ layer in 
(F) is faintly laminated throughout its upper part; this is also the case for the starred layer in (C).  
The holes in (A) are the result of gas bubbles in the epoxy that prevented penetration. 
 
 A large body of experimental work shows that the near-bed concentration and the 
aggradation rate exert a strong control on the nature of the structures generated (e.g., 
Middleton, 1967; Sohn, 1997; Sumner et al., 2008; Cantero et al. 2011; Cartigny et al., 2013).  If 
the near-bed SSC is range of 45 to 65 volume percent and the aggradation rate is > 0.44 mm 
s−1, then the generation of lamination is suppressed, leading to the formation of a structureless 
deposit.  Slightly lower values allow intermittent and limited bedload traction, generating 
indistinct lamination.  At still lower SSCs and aggradation rates, normal bedload processes 
operate, generating regular parallel lamination.  Thus, tidal bores generate deposits that are 
directly comparable with those produced by high-density turbidity currents.  A similar range of 
variations are beginning to be seen in tidal-bore deposits (Figure 8) that result from differences 
in the peak SSCs attained (Figure 7) and the rate of collapse of the suspended cloud. 
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Figure 5. Variation in characteristics of the 
structureless layers as a function of location 
in the estuary, as measured by the distance 
from the tidal limit at Truro.  Note that tidal-
bore layers become more abundant and 
thicker landward; the height of the tidal bore 
also increases inward to approximately the 
5 km point. 

 
Figure 6. (A)-(C) Schematic variation in 
water level, suspended-sediment 
concentration (SSC) and aggradation rate 
with the arrival of a tidal bore and over the 
remainder of the flood tide.  (C) shows how 
SSC values determine the nature of the 
deposits for three different tidal bores, 
ranging from weak (3) to strong (1).  These 
numbers correspond with the numbered 
stratification models in Figure 8. 

 

Concluding Remarks 
The processes operating in tidal bores and high-density turbidity currents are closely analogous, 
despite the fact that they are generated by very different forces.  This finding provides an 
unexpected linking of two of Gerry Middleton’s long-standing interests: gravity flows and tidal 
sedimentation.  The model for tidal-bore deposits (Figure 8) adds another feature to look for in 
successions that are thought to be formed by large tides, such as the McMurray Formation and 
the temporally equivalent Bluesky Formation.  If the products of tidal bores are present, it would 
add support for the idea that these units were formed under macrotidal conditions. 
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Figure 7. Schematic model of the temporal evolution of water-surface elevation and suspended-
sediment concentration (SSC) associated with the passage of a tidal bore, based on 
measurements in the Sée River, northern France.  Modified after Furgerot et al. (2013, figure 7). 
 
 

 
Figure 8. Schematic models of the deposits formed by a tidal bore; the numbers correspond to 
the three SSC profiles shown in Figure 6C—1: large, energetic bore; 2: intermediate-strength 
bore; and 3: small, weak bore.  The bold line low in each section (at red arrows) indicates the 
arrival of the tidal bore and is the base of an individual tidal-bore deposit: it is shown as erosive 
in the left-hand side of each panel, and passively draping on the right-hand side.  The dashed 
horizontal lines in 1 and 2 represent faint, indistinct parallel lamination.  The vertical scale is 
approximate because there appears to be significant variability in the thickness of the deposits 
of individual tidal bores. 
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