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Observations from an intertidal area of a tidal inlet channel (during low water) show that, under a vertical pressure
of around 2,500 kg m " the bed surface can descend by between 0 and 9 em (caused by different sediment packing
patterns I. An analysis of tbe relevant sediment samples indicates that such a range of variations is not caused by
differences in sediment characteristics i.e.. grain size distribution, water content, mineral composition and shape.
Hence, the observed variations are suggested to be hydrodynamically induced. The sinking depth is shown to be
controlled by hed elevation, which is related to the tidal current speed and the rate of water-level changes immediately
before the bed emerges during the ebb-tide phase. The presence of hydrodynamically induced variations in packing
implies a difficulty in defining threshold of particle movement, on the basis of mechanics-based, semi-empirical ap
proaches to sediment transport.

ADDITIONAL INDEX WORDS: Sinking depth, tidal inlet channel sediment. depositional processes, threshold of 11/0

tion, southern England.

INTRODUCTION

The packing characteristics of non-cohesive, coarse-grained
surficial sediments varies significantly in marine and coastal
environments (for reviews, see ALLEN, 1982, p.137-177; and
Rom:w.; et al., 1994). Anyone walking on a beach, for exam
ple, may feel that the sediment surface is soft in some places,
but hard in other places; this is indicated hy the depth one
sinks into the sediment. This phenomenon has been noticed
for a long time (KINDLE, 1936). Such variations in packing
arc controlled by either geological properties of sediment par
ticles (grain shape, grain size distribution, and water con
tent), or sedimentary processes (deposition rate) (LI>:EIlI.;/{,
1982, p.42-431.

Significant spatial variations in the sinking depth i i.e.. the
distance of downward shift of the bed surface, under a con
st.ant vertical pressure), which contains information on sedi
ment packing, was observed during a field survey, over an
intertidal area adjacent to the entrance channel to Christ
church Harbour, southern England. The factors which control
the observed sinking depth, together with some implications
in sediment transport, are analysed in this contribution.

Christchurch Harbour is an estuarine/inlet system (Figure
II. Within the entrance, the long-term. «russ-secuonnl mean
current speed during the ebb-tide is around 1l.fi6 m s I. with
a maximum value of more than 2.2fi m s 1 in response to a
combination of spring tides and high frt-shwatr-r discharges
1(;,\0 and COI.LlNS. 1994al. Within the barbour. the wate-r
dr-pt.h is generally less (han :2 m, wit h extensive intertidal
flats and salt marshr-s (M l llWAY, 19661. TIll' northeasterly

.'1:'091 rl'(,I';/·[,<1 24 .lul» 1.'19.'1; acccptcc! ;/1 rl'1';s;(I/I:! March 1.'1.'11;.

longshore drift of sand and gravel from Hengistbury Head
has led to the development of two spits. Because of the pe
riodic changes in the location and extension of the spits, the
ebb tidal delta is considered unstable (ROBINSON, 19551. The
location of the entrance was artificially stabilised due to the
construction of the Mudeford Quay (along the northern side)
in the early 1950s. At present, gravels are distributed within
the entrance channel, whilst sand and gravel are present on
the southern side of the entrance channel.

FIELD OBSERVATIONS AND DATA ANALYSIS

On 20th February, 1992, surficial sediment mapping and
a topographic survey were undertaken along the southern
side of the entrance channel (Figure 2), as a part of a more
general investigation into the sediment dynamics and mor
phological stahility of the inlet system (GAO and COLLINS,
1994b1. The survey was during a tidal phase between mean
sea level and low water. on a spring tide, under calm weather
conditions (with weak winds and small swellsi. At the begin
ning of the field work, waves of less than 0.2 m in height
were propagating into the entrance over the ebb tidal delta.
Towards low water. t he water surface was almost flat.

For the topographic survey, a base line was established
which was located above the high water mark, parallel with
the axis of the channel (Figure 21. The origin and bearing of
till' profiles wen' fixed then, in relation to the base line. The
bed elevation was determined by levelling, using a theodolite.
The position of Lh« sediment sampling sites were fixed, using
the' has« lint'.

'l'hc type of surficiul sediment (in terms of the FOLI< 11980 I

classification scheme: varied significantly over a short dis-
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Figu re 1. Locati on of the study area (boxed), in rela tion to Christchurch Ha rbour . Ba thymetry in met res .
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Figure 2. Sedim ent sa mpling s ites (R1 to R4 ) and Profiles 1 to 3 for
topographic surveys. for th e boxed a rea sho wn in Figure 1.

ta nce, accord ing to th e result of the sediment ma pping (Fig
ure 3l. However, a par t of th e survey area , acro ss Profi les 1
and 2, was covered by well-sorted fine sa nd . Here, th e thick
ness of th e sand deposit varied between 0.2 and 0.3 m, as
revealed by a tr ench dug across the intertidal zone, and was
underlain by sandy gravel. No visi ble int ern al sedimentary
st ruct ures were de tected . Th e bed surface was smooth , with
few ripp les or other bed form s. When standing on the sand
surface (this is equ ivalen t to exer t a ver t ical pre ssure of
around 2,500 kg m:", as estimated us ing the ratio of one's
body weigh t to th e a rea of foot-bed contact) , during low water
when th e beach emerged, the sin king depth va ried betwee n
oa nd 9 cm, over only a 6 m dista nce.

Sin ce t he topographic data are available, it is convenien t
to show th e distribution of th e zones associa ted with different
sinking depths . Th e spat ia l dist ribution of the sinki ng depth ,
deter mined by the field mapping on the basis of repea ted
measureme nts , was plotted along Profi les 1 and 2 (Figure 4).
The sa nd bed along Profile s 1 a nd 2 is divided in to soft , tran 
sitional and hard beds, with s inking depths of 3- 9 cm, 1- 3
ern and <1 ern, respective ly. The bed typ e can be related to
bed eleva tions , with s igni ficant zona tion . Along Profil e 1, the
ha rd bed occurred either above 0.7 m O.D. (Ordna nce Datum ,
Newlyn ), which is the mea n high water on sp rings (MHWS ),
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Figu re 3, Su rficial sed imen t distribution over th e beach a long the south
ern sid e of th e entra nce cha nne l, de termined by in situ mapping,
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The re s ults of the analysis re vea led some distinctive char
ac te ristics . As sho wn in Tabl e 1, th e water content of the
sam ples was similar for Sampl es Rl , R2 and R3 (a round
19%), with an exce pt ion for R4 (around 25%). Th e higher wa
ter con tent for R4 may be explained by the fac t th at thi s site
was close to th e low wa ter mark a nd, th erefor e, expos ed a t a
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where C" is wa ter conten t , M, is the mas s of wet sa mple a nd
]\1" is the mass or dr ied sa mpl e. The sa mples were dri ed at
100' C , for 24 hr .

G ra in size a na lys is of the sa mp les was undertaken usi ng
dry sieving method and a 0.;) ¢ interva l. Based upon th e
grain size dis t r ibution s, di mensionl ess gr ain size pa ram eters
in terms of ¢ va lues (mea n ( fL",), sor ting coefficient ((J<\0) , skew
ness (S" ,,) and kurtosis (1\."J,) ) were calculated using the mo
men ts method (Mc MANUS, 1988), In ad dition , grain sh ape
(roundness and sphe r icity) a nd min eral composition of the
sam ples were exami ned, usi ng a m icroscope ,

or below 0,3 m a,D . (Ne wlyn ). Th e tr a nsitiona l bed lay be
t ween 0.7 a nd 0.6 m a .D., with th e soft bed between 0.6 a nd
0.3 m a .D. (Figure 4). Alon g Profile 2, the ha rd bed was lo
cated ab ove O,H m a .D. and below 0.3 m a. D., with the t ran
sition al bed and the soft bed lying with in 0.8--0.55 m a .D.
a nd 0.55- 0,3 m a .D., respectively. The sand bed wa s not
pre se nt alo ng Profile 3. In general, the h ard bed lay ei ther
above l\iHWS, or a round 0.15 m O. D. (t his elevati on repre
se nts th e mean sea level here (G,\ O a nd C OLLI N S, 1994 a ) ),
The soft bed was located nea r th e mean hi gh water on ne aps
fM H WI'\ ,1 .

Beca use th e observation was made by chance , para meters
relevant to sed ime nt packing such as yield st rength a nd po
rosity of the sand dep osit were not obta ined. Never theless ,
the sinking de pths observed provide some info rm ation on the
packin g character is t ics . In pa r t icula r , such la rge va ria t ions
in Ow sink ing dep th . over such a shor t dis ta nce , were s tr ik
ing, Thus , fou r ofthe sediment sam ple s ri.e . R1 to H4 on Fig 
ure 2 1, which were collect ed from th e locations repre sen t ing
differe nt s ink ing depths, were used for fu rth er exa mina tion .
The sam pling sites for R I, R2IR:1 and R4 were as socia ted
with bed elevations of 0.65 m, 0.55 m and 0.0 lIJ O,D.. re
specti vely. Sample HI was from the "transit ional" bed, wh ere
the sinking depth ra nged between 1 and :1 em. Samples R2
a nd R3 were from a zone of th e "soft" bed (with a sinking
depth of 3- 9 cm ), wh ere the ma ximum sink ing depth t i.e, 9
em ) occur red , with R2 taken with in the to p ~i ern and R:J frum
the dep ths between 6 and 9 em below th e sediment s ur face,
Fina lly , Sa mp le R4 wa s collected from a "ha rd" bed , near to
the low wa te r ma rk , where th e s ink ing de pth was not de
tectable , These samples we re placed in water-tight pla stic
bags (to maintain the in situ water content ) for further ana l
ysi s . No sign ifica nt differen ces in san d colour a nd grai n size
could be ide n t ified visua lly .

In the labora to ry , the wa te r con tent (i.e . the ra tio of water
ma ss to dri ed sed ime nt mass, in percentage) of the sa m ples
was obta ined from :
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F igure 5. Water-level record (A) a nd th e derived cross-sect iona l mea n
current speeds (81, for 5-7 th January, 1992.

Ta ble 2. Mean cross-sectional current speeds and rates of water level
changes du ring the ebb, related to bed elevation and sediment packi ng
zones (ef Figure 4).

cur rent speeds were estimated to be less tha n 0.3 m s - I . Th is
in ter pre ta tion in fers th a t local currents are importan t in t he
sedimen t packing patterns.

At Site R4, the ra te of water-level cha nge was high and the
localised current speed was low at the time of the bed expo
sure. Th ese obse rva t ions suggest tha t a soft bed can not be
formed unless both th e ra te of water- level change and the
locali sed current speed are sufficiently high, whe n deposi tion
takes place.

Alth ough the rate a t which sa nd particles decele ra te thei r
motion was not evaluated explicit ly in th e present an alysis ,
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later tidal stage. Further, the grain size parameters were
similar for all th e samples (Table 1).

No sig nificant differ ences in min eral composit ion, roun d
ness and sphericity were identified under micro scope exam
ina t ions. The sediment particles were dominated by quartz
grains, with few (if any) heavy mineral particles. The round
nes s was between sub-angul ar and sub-rounded, with an in
termediate sphericity, on th e basis of visual determinat ion
(POWERS, 1953).

Th e anal yse s summ arised above indica te that th e sediment
sa mples representing different sinking depths are highly sim
ilar in terms of their water conte nt , grain size, mineral com
position and shape chara cter ist ics. Hence, th e observed vari
at ions in the sinking depth can not be ex plained by differences
in clas t properties. Since variations in packing are cont rolled
by either sediment characteristics or sedimenta ry processes
(L EEDER, 1982, p.42-43), it is necessary to examine the hy
drodyn am ic conditions as sociated with th e depositional pro
cesse s. In particular , because of tidal cur re nt domin at ion
within the channel during the field observa tions (see above),
it is appr opr iate to use the condi t ions of tidal current speeds
and rates of changes in wate r-level.

On th e basis.of simulated tidal data (for location of the tide
gauge , see Figure 2), together with fresh wate r disch arge and
tid al basin hypsometric data, th e cross -sect ional mea n cur
rent speeds were calcula ted (GAO and COLLINS, 1994b). Us
ing th e wate r-leve l and current speed information (Figu re 5),
typical speeds and rates of water-level change were deter
mined for characterist ic bed eleva tions (Table 2).

With the exception of Site R4, th e data list ed in Table 2
app ear to suggest th at the elevations with va rious sinking
depths is related to mean current speed and ra te of water
level change. Th e upper hard bed corresponded to low speeds
and rates. Conversely, t he soft bed was associa ted with high
speeds and rates. Th e data for the lower hard bed elevation
(from Site R4) did not fit into thi s generalisa t ion . Here, th e
rat e of water-level change was th e highest, togethe r with a
relat ively high value of the curre nt speed averaged over th e
cross-sect ion. Such a discrepancy may be explained by the
following observation.

During the field survey, it was obse rved that when the wa
ter-level was high , currents near the souther n shoreline were
directed towards the sea; thi s was consi stent with those a t
the central part of th e channel. When th e water-level fell,
however, localised eddi es were gen er ated when a headland
like feature was exposed to the eas t (down- stream) of Site
R4. Hence, although at this tim e th e ebb currents were rapid
within the central part of the channel, they reversed along
its southern side. On th e day of the survey, such rever sed

Tabl e 1. Dimensionless grain size parameters and water content of the
surficial sediment samples (for location, see Figure 2).
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the effect of high current speeds followed by a rapid fall in
water-level should be equivalent to a rapid deceleration ic].
LI-:I-:Ill-:IC 19821. Under such conditions, it would take only a
short time for the sediment to change from a highly mobile
state to a completely motionless state. For Site R2/R:3, the
current speed towards the final exposure was likely to exceed
0.8 m s I; thus, the sediment would be in suspension or under
a transitional condition between bed-load and suspension
(STERNBEHC el al., 19851. Consequently, rapid deposition
would occur if sediment movement ceased suddenly.

There is a correlation between the strength of the sediment
bed (represented by the yield stress) and the rate of bed for
mation. Therefore, both variables are likely to influence sed
iment transport processes, through modification of the criti
cal shear stress at threshold of motion. Elsewhere, the critical
shear stress for sediment motion has been identified on the
basis of a series of "Shields' curves", depending upon the cri
terion adopted to define motion (LAVELLE and MOF.n;ul,
1987). Additionally, the observations reported here imply
that packing characteristics (represented by the bed
strength) can be hydrodynamically controlled, independent of
sediment grain size and shape factors. Thus, on the basis of
a linear relationship between critical shear stress and bed
strength (DUNN, 1959), the same sedimentary material may
be associated with different critical shear stresses for sedi
ment motion. For strong tidal currents, which favour the for
mation of a soft bed, a lower threshold may result than if the
currents are weak. Hence, the critical shear stress could be
lower in high tidal energy environments than in low energy
environments; this would further enhance the difference in
sediment transport rates between the various environments.
Flume experiments for the threshold of particle motion have
demonstrated that sediment mobility depends upon the his
tory of the shear stress exerted on the bed (TOMLINSON,
199:3l. This is another indication of the phenomenon that the
bed mobility is related to packing patterns.

CONCLUSION

Significant variations in the sinking depth of sand surface
have been observed on a beach adjacent to an entrance chan
nel to a tidal basin. Over a 6 m distance, the sinking depth
of the sediment surface ranged between 0 and 9 em (under a
constant vertical pressure of around 2,500 kg m "i.

The grain size parameters, sphericity, roundness, mineral
composition and in situ water content data do not indicate
that such variations are controlled by sediment characteris
tics. The relationship between the sinking depth and bed el
evation land. therefore, localised current speed and rate of
water-level change immediately preceding bed exposure I sug
gl'st a hydrodynamic control. Thus, for the same beach rna

terial, a soft bed can be formed ifthe localised speed and rate
of water-level change are both sufficiently high when the bed
is submerged; otherwise. a hard bed is formed. Likewise, for
any sedimentary deposit which is never exposed in the air, a

soft bed could be formed if the bed is subjected to strong cur
rents followed by a rapid reduction in the current speed (and,
hence, rapid accumulation).

Hydrodynamically-induced variation in grain packing im
plies a difficulty in defining the threshold of motion (on the
basis of conventional approaches), in terms of the linear re
lationship between critical shear stress and shear strength of
the sediment. For the same material, strong tidal currents
which favour the formation of a soft bed may result in a lower
threshold of motion, than if the currents are weak.
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