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Sediment sorting dispersal pattern in The Zwin tidal-inlet, The Netherlands, was studied using grain
size data. The descriptive power of the log-hyperbolic distribution model, the hyperbolic shape triangle,
current meters recordings and bedform analysis were applied. The process-oriented discriminating ap-
proach suggests four distinct log-hyperbolic grain size curves, related to four morphodynamic sub-envi-
ronments along The Zwin Inlet. The log-hyperbolic shape indicates, in response to the governing dynamics,
a gradual change from erosive, at the inlet front, to a depositional sedimentary facies inland. Applying
the population concept, the Zwin supersample, the combined total sampled grain size population, falls
into the right wing of the hyperbalic shape triangle, indicating a winnowed-erosional facies (p = 0.44)
which is the main sedimentary fingerprint of The Zwin Inlet. It indicates winnowing-out of the suspended
fraction, suppposedly complementary to a similar sedimentary heritage from the longshore drifted sed-

iments.
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INTRODUCTION

Sediment transport patterns in tidal inlets and
their associated morphology, bedforms, sedimen-
tary sequences and waves and tidal currents con-
trol have been studied by numerous sedimentol-
ogists and coastal engineers (BOERSMA and
TERWINDT, 1981; BooTHrROYD and HUBBARD, 1875;
BrUUN et al., 1978; FITzGERALD et al., 1976, 1984;
Haves, 1980; HueBarD et al., 1979; Luck, 1976;
Sua, 1989; TerwiNDT, 1981). However, less has
been done regarding the relationships between
grain size characteristics and inlet hydrodynam-
ics.

Bruun et al. (1978) pointed out the importance
of the mode of transport on the behavior of sed-
iments and on their composition. As grain size
data reflect the sum of the processes acting upon
the sediment, a clearer dispersal pattern of sed-
iment transport, deposition and erosion should be
available (BArNDORFF-NigLsEN and CHRISTIAN-
seN, 1988; HarTMann, 1988a, 1990; HARTMANN
and CHRISTIANSEN, 1988; McLareN and BOWLES,

oo ey
99147 received 17 December 1992; accepted in revision 10 January 1993.

1985). HARTMANN (1988a, 1990, 1991) demon-
strated that the various modes of transport and
suspension winnowing are responsible for fine and
coarse tails cutoffs of sampled populations and
for their typical grain size. He concluded that the
specific ratio between the modes of transport dic-
tates the typical grain size and the shape of the
sediment distributions.

This paper aims to demonstrate the sediment
response to the morphodynamics in a small tidal-
inlet. The study focuses on the sediment size-
sorting pattern in intertidal sub-environments.
The controlling processes are tracked by the grain
size data. We investigate the main textural trends
along the inlet berms and along the main Het
7Zwin channel as reflected by selective sorting pro-
cesses and dispersal paths. The approach uses the
log-hyperbolic distributional model (BAGNOLD and
BARNDORFF-NIELSEN, 1980) and the domain of
the hyperbolic shape triangle to characterize the
grain size data and to study their evolution
{BARNDORFF-NIELSEN and CHRISTIANSEN, 1988).
The final stage is the examination of the data
when related to the erosion-deposition model in-
troduced by BARNDORFF-NIELSEN and CHRISTIAN-
SEN (1988).
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THE APPROACH TOWARDS A
DISTRIBUTIONAL MODEL

The choice of a probabilistic model for char-
acterizing a physical system is generally motivat-
ed by some initial understanding of the nature of
the underlying phenomenon and should be veri-
fied by the available data (Haun and SHAPIRO,
1967; HarTMANN, 1988b). After a model has been
chosen, its parameters are estimated. Tests of the
adequacy of the chosen distributional models and
the degree of goodness-of-fit which exists between
the observed data and the estimated values help
to determine whether or not the data contradict
the assumed meode!l (CHRISTIANSEN and
HARTMANN, 1988a; Harrmany, 1988b). In this
study, we investigated the data in two forms: the
probabilistic form of the single grain-size samples,
and the combined environmental “supersample”
form (HARTMANN, 1988a, 1991; HarTMANN and
CHRISTIANSEN, 1992), which consists of a combi-
nation of all the grain size samples in a given
environment. The working hypothesis was that
the descriptive power of the log-hyperbolic dis-
tributional model is most adequate for environ-
mental characterization.

The log-hyperbolic probability distribution was
originally introduced to describe mass-size dis-
tributions of aeolian sands (BagNoLDp, 1941;
BaRNDORFF-NIELSEN, 1977; CHRISTIANSEN and
HarrMmany, 1991). CHrisTIANSEN (1984) com-
pared between moments statistics and parame-
ters of the hyperbolic distribution. BaArN-
DORFF-NIELSEN et al. (1982) studied the variability
of the log-hyperbolic parameters and their deriv-
atives. HARTMANN (1988a, 1991) investigated the
four first moments, the log-hyperbolic parameters
and some percentile parameters with efforts to-
wards understanding the different shape param-
eters.

The location-scale invariant parameters x and
£ of the log-hyperbolic distribution express re-
spectively the skewness and the kurtosis of that
distribution (BARNDORFF-INIELSEN and BLESILD,
1981). The domain of variation of these two pa-
rameters (Figure 1) is referred to as the hyperbolic
shape triangle (BARNDORFF-NIELSEN ef al., 1985;
BarNDORFF-NIELSEN and CHRISTIANSEN, 1985,
1988). BarRNDORFF-NIELSEN and CHRISTIANSEN
(1988) presented a mathematical-physical ero-
sion-deposition model and showed the net effects
of these processes in the hyperbolic shape trian-
gle. According to their model, predominantly ero-
gion will move the shape of a grain size distri-
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Figure 1. The hyperbolic shape triangle; i.e., the domain of
variation of the invariant parameters x and ¢ of the hyperbolic
distribution. Representative logarithmic probability functions
corresponding to selected (x, £) values, including limiting forms
of the hyperbolic distribution are shown. The distributions have
been selected so as to have variance equal to unity. The letters
at the boundaries indicate how the normal distribution (N), the
positive and negative hyperbolic distributions (H* and —H~-),
the Laplace distribution (symmetrical or skewed, L), and the
exponential distribution (E) are limits of the hyperbolic distri-
bution. From Barxporre-NIELSEN and CHrisTransEN (1988)

bution towards the right hand part of the triangle,
and predominantly deposition towards the left,
along specific sets of curves and lines in the non-
linear (¢, k) space of the hyperbolic shape triangle.
The applicability of this process-oriented envi-
ronmental discrimination has been confirmed in
a variety of natural environments (BARN-
porrr-NIELSEN and CHRISTIANSEN, 1988;
HarTMANN, 1988a, 1991; HarTMaNN and CHRIs-
TIANSEN, 1988, 1992). BARNDORFF-NIELSEN el al.
(1991) concluded that often in sedimentological
studies the parameter ¢ underlies a highly sto-
chastical tendency, and therefore the ratio p = x/&
contains the best information about the shape of
a single grain size distribution and was defined
by them as a tilt parameter.

Most of the statistical multivariate data anal-
yses use concepts, e.g., the Gaussian distribution
model, which are not always verified by the em-
pirical data (HarTMANN, 1988a; VINGENT, 1986).
It was further demonstrated that independent
variables used in sedimentary environmental dis-
crimination procedures often follow the beta dis-
tribution model (HarTmanN, 1988a; BARN-
DORFF-NIELSEN et al., 1991). As none of the grain
size parameters nor their derivatives fulfill the
necessary conditions for most types of parametric
multivariate analysis, e.g., the independent vari-
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Figure 2. Location map of the study area.

ables follow a multivariate normal distribution
with equal variance-covariance matrices in the
populations, the use of the traditional “standard”
statistical technique was rejected in this study.

METHODS

The Zwin study area is a nature reserve located
on the Dutch-Belgian borderline in Zeeland (Fig-
ure 2). It is an inland basin embanked by dykes
exhibiting a wide range of diverse bedforms, ori-
entations and superpositions in well-organized
bedform fields (Bowman, 1993). The semidiurnal
mesotidal range was during the study period June-
July, 1989, 3.32-4.24 m with a 90-100 cm/sec peak
current velocity and showed a time velocity asym-
metry pattern. The sedimentary trends in The
Zwin were studied by sampling the upper 2 cm
sand layer at discrete bedform fields. Fifty surface
sand samples were dry sieved at 0.5 phi intervals
using standard techniques. The bidirectional flow
pattern was recorded by mechanical Ott current
meters, 10-20 cm above bed. One minute aver-

aged velocity was recorded at five minute intervals
over single tidal cycles.

Sediments sampled from the active layer often
have a mass-size distribution of the log-hyper-
bolic type (BagnoLp, 1941; BagNoLD and BARN-
DORFF-NIELSEN, 1980; BARNDORFF-NIELSEN et al.,
1982; CHRISTIANSEN, 1984; CHRISTIANSEN and
HarTMANN, 1988a; HarTmann, 1988b; Mec-
ARTHUR, 1987; VinceNT, 1986). The raw data of
the 50 single sieved samples were statistically an-
alyzed by using the SAHARA program (CHRIS-
T1aNsEN and HArRTMANN, 1988b). Samples within
four defined depositional sub-environments were
grouped together to create four environmental
grain size supersamples. Finally, all the 50 sam-
ples were combined into one overall grain size
supersample which represents the entire sedi-
ment population of The Zwin Inlet. All the single
grain-size distributions and the second-order
grouped data, e.g., supersamples, were estimated
according to the log-hyperbolic and the log-nor-
mal probabilistic models. The estimated log-hy-
perbolic and moments parameters of all grain size
data were rigorously studied. The log-normal
model was rejected for all the investigated sam-
ples.

We regard the various local data as bearing a
combination of information and noise. Depending
on the variability within an environment com-
pared to the variability between environments,
and assuming that the sampled population is big
enough, the probabilistic nature of the grain size
selective sorting processes in the various sub-en-
vironments is expected to emerge.

RESULTS

Figure 3 demonstrates the distinct form of the
observed single grain size samples and their es-
timated log-hyperbolic curves. The estimated dis-
tributions have a relative high goodness-of-fit to
the observed ones and can be satisfactorily de-
scribed as log-hyperbolic. The supersamples I-IV
{(Figure 4) and the total Zwin supersample (Figure
5) are log-hyperbelic distributed as well. The dis-
tributions have no fixed, symmetrical shape; and
therefore, one should not use parameters as mean
and standard deviation to characterize these pop-
ulations. When examining the deviations of the
observed data points at the tails, from the esti-

—

Figure 3. Observed and estimated log-hyperbolic distributions for single Zwin grain size samples. The figure labels I-1V refer to

the facies sub-environments.
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mated log-hyperbolic curves, one should recall that
the ordinate is on a logarithmic scale; i.e., Ln
probability density.

Comparison of the berm sediments at the inlet
throat with the furthest inland site studied sug-
gests two very different sedimentary environ-
ments: Group IV (Figure 4), at the inlet throat,
is a medium to coarse sandy environment. Group
I, the uppermost inland site of the inlet studied,
is much finer. It shows a wide range of distribu-
tional shapes (Figure 6a) of predominantly de-
positional facies. It includes moderate-flat, fine-
tailed and symmetrical distributions, as well as
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Figure 6. Hyperbolic shape triangle plots of The Zwin sediments: (a) Single samples, (b) The overall Zwin supersample.
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(Figure 7a) is demonstrated here by the high
strength index, i.e, U_, flood > U.iiiew (TER-
WINDT and Brouwer, 1986). The ebb-directed
currents do not attain velocities beyond those
forming small ripples within the lower flow re-
gime.

Group IV (Figure 4) represents ebb-dominated
berm samples at the lower Zwin channel. These
sediments always have a very steep, fine tail, as
well as a relatively flat, coarse one. The group is
delimited within the far right half of the hyper-
bolic shape triangle (Figure 6a), almost approach-
ing an exponential distribution, which is one of
the limiting forms of the log-hyperbolic model
(Figures 1 and 6). This position is spectacularly
indicative of the dominance of erosional or win-
nowing processes. The sediments at the throat are
dominated by strong flood and ebb flows which
cause lag facies to form. Grains in suspension are
out of equilibrium in such an energetic environ-
ment and the sediment consists mainly of bed
load material. Both the flood and the ebb currents
reach velocities typical to megaripple formation
in the lower flow regime, with ebb velocities even
exceeding those of the flood (Figure Tb). Such a
velocity cycle with large bed shear values char-
acterizes only the lower part of the inlet channel
because of the converging fiows and the chan-
neling effect.

Groups II and III are located in the erosion-
dominated part of the hyperbolic shape triangle
(Figures 1 and 6} indicating a regime of inter-
mediate erosion. Group II represents the upper
Zwin channel with a higher portion of erosional
processes over depositional ones. This group is
more erosive than group I of the berm at the upper
inlet where ebb currents are less effective. Group
I reflects the wave-induced bedforms at the low-
er part of the inlet. From its position in the shape
triangle, we conclude that its erosive component
is dominant over the depositional one.

DISCUSSION

The hyperbolic shape triangle allows discrim-
ination between four main sediment groups in Het
Zwin tidal-inlet. Changes between the environ-
ments are gradual and the general trend is clear.
Each of the environments is statistically unique
and significantly different from the others. The
tilt parameter, the ratio p = x/E, seems to be the
best parameter to express the shape of the studied
grain size distributions. The four environments
are ordered according to ascending p values (Fig-

ure 6a), starting with the most symmetrical log-
hyperbolic distribution, located near the center
of the shape triangle and ending up with the most
asymmetrical one at the right corner. As can be
expected from a natural probabilistic model, the
sorting processes do not create sharply defined
populations but rather show environments which
partly overlap. Following the erosion-deposition
model presented by BarRNDORFF-NIELSEN and
CHRISTIANSEN (1988), we suggest a dynamic link
of sedimentary subenvironments within this se-
quence.

When the p index of the hyperbolic shape is
plotted on a bivariate diagram against the mean
grain size (Figure 8), good separation of the grain
size populations of the closely-related sub-envi-
ronments is discerned. A clear trend is seen along
the inlet, starting at the throat with the domi-
nantly erosional, coarse, lag facies (Group IV) and
ending in the upstream, inner inlet depositional
facies (Group I). The most symmetrical, relatively
fine-grained distributions are found in the up-
stream, whereas the asymmetrical coarse ones,
with a very steep fine tail, are those near the beach,
indicating a seaward coarsening trend as reported
by KLEIN (1970).

Many of the samples lie on the upper borderline
of the hyperbolic shape triangle (Figure 6a), in-
dicating closeness to the Laplace distribution, an-
other limiting form of the hyperbolic model (FizL-
LER et al., 1984). The concentration at the upper
borderline may, however, according to our expe-
rience, also result from the measurement tech-
nique; i.e., sieving at 0.5 phi interval may cause
measurement noise without any sedimentological
meaning.

Study of the Zwin bedform fields by moments
statistics (Bowatan, 1993) similarly suggests an
overall fining-inland trend, accompanied by im-
provement of sorting and increase of the negative
skewness. These findings indicate inland winnow-
ing of the fine fraction, while leaving at the throat
the coarsest sediment fraction as a lag. These
trends, however, reflect mainly the summer low-
energy wave regime of The Zwin. The fingerprint
of storms is found at the upper inlet as coarse
shell deposits alternating with sand and mud.
Similar trends have been observed along the main
channel. The most dramatic change along the
channel is the improvement of sorting inland. At
the throat (1,300-1,500 m downstream), the sed-
iment is the coarsest, the poorest sorted and the
least skewed.
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Tigure 8. Bivariate plot of the hyperbolic tilt parameter p

of the main four sedimentary populations of The Zwin Inlet in relation

to Ln mean grain size.

The four grain size supersamples from the sub-
environments discriminated so far along Het Zwin
Inlet make four different log-hyperbolic curves
(Figure 4) and occupy four distinct fields in the
hyperbolic shape triangle (Figures 6a). Although
there is some overlap, the distributional shapes
of the defined supersamples are significantly dif-
ferent. This population approach demonstrates
the probabilistic nature of the sampled sediments
and the efficiency of the hyperbolic model in en-
vironmental discrimination and processes recon-
struction.

ACKNOWLEDGENIENTS

Thanks go to The Netherlands Academy of Sci-
ences and to the Department of Physical Geog-
raphy at the University of Utrecht, The Nether-
lands, for supporting this study.

LITERATURE CITED

Bacnowp, R.A., 1941, The Physics of Blown Sands and
Desert Dunes. London: Chapman and Hall, 265p.

BacnoLp, R.A. and BarnporrP-NIELSEN, O.E., 1980.
The pattern of natural size distribution. Sedimen-
tology, 27, 199-207.

BarnporrF-NigLseN, O.E., 1977. Exponentially de-
creasing distributions for the logarithm of particle
size. Proceedings of the Royal Society of London, A,
353, 401-419.

BarnporFF-NIELSEN, O.E. and BL&siLD, P., 1981 Hy-
perbolic distributions and ramifications: Contribu-
tions to theory and applications. In: TaiLLig, C., Pa-
11, G.P., and BALDESSARI, B.A. (eds.), Statistical
Distributions in Scientific Work. Dordrecht: Reidel
Publication Co., 4, pp. 19-44.

BARNDORFF-INIELSEN, 0.E.; DALSGARD, K.; HALGREEN,
C.; Kunrman, H,; MBLLER, JT., and Scuou, G., 1982.
Variation in particle size distribution over a small
dune. Sedimentology, 29, 53-65.

BarnporrF-NIELSEN, O.E; BLasILD, P.; JenseN, J.L.,
and SoreNsEN, M., 1985. The fascination of sand. In:
Arrinson, A.C. and FIENBERG, S.E. (eds.), Celebra-
tion of Statistics. Centenary Volume of the Inter-
national Statistical Institute. New York: Springer-
Verlag, pp. 57-87.

BARNDORFF-NIELSEN, 0.E. and CHRISTIANSEN, C., 1985.
The hyperbolic shape triangle and classification of
sand sediments. Proceedings of International Work-

o



|

»
»
o
b
3
?
b
¥
¢
1
P
b
b
P
}‘
:
|

b

Sediment Sorting in a Tidal-Inlet

1053

shop on the Physics of Blown Sand. Aarhus, Den-
mark: Aarhus University, 3, 649-676.

BarnporrFF-NIELSEN, O.E. and CHRISTIANSEN, C., 1988.
Erosion, deposition and size distribution of sand. Pro-
ceedings of the Royal Society of London, A, 417, 335-
352.

Barnporrr-NieLseN, O.E.; CarisTianseN, C., and
HarTMmann, D., 1991. Distributional shape triangles
with some applications in sedimentology. Acta Me-
chanica, Supplement 2, 37-47.

Boersma, J.R. and TerwinDT, J.H.J., 1981. Berms on
an intertidal shoal: Shape and internal structure. Spe-
cial Publications International Association Sedi-
mentologists, 5, 39-49.

BooTHRroYD, J.C. and Hussarp, D.K., 1975. Genesis of
bedforms in mesotidal estuaries. I'n: CroniN, L.E. (ed.),
Estuarine Research, Vol. I1, Geology and Engineer-
ing. New York: Academic Press, pp. 217-234.

Bowman, D., 1993. Morphodynamics of the stagnating
Zwin Inlet, The Netherlands. Sedimentary Geology,
in press.

Bruun, P.; Jonsson, 1.G., and MEHTA, A.J., 1978. Sta-
bility of Tidal Inlets. Amsterdam: Elsevier, 500p.
CHRISTIANSEN, C., 1984. A comparison of sediment pa-
rameters from log-probability plots and log-log plots
of the same sediments. Geoskrifter. Aarhus, Den-

mark: Aarhus University, pp. 1-20.

CurisTianseN, C. and HarTmann, D., 1988a. On using
the log-hyperbolic distribution to describe the tex-
tural characteristics of aeolian sediments—discus-
sion. Journal of Sedimentary Petrology, 58, 159-160.

CHrisTIANSEN, C. and HARTMANN, D., 1988b. SAHARA:
A package of PC-computer programmes for estimat-
ing both log-hyperbolic grain-size parameters and
standard moments. Computer and Geoscience, 14,
557-625.

CHrisTIANSEN, C. and HarTMann, D., 1991, The hy-
perbelic distribution. In: Syvrrskl, J.P.M. (ed.), Prin-
ciples, Methods and Application of Particle Size
Analysis. Cambridge, England: Cambridge Univer-
sity Press, pp. 237-248.

FieLLer, N.R.J.; GiLBerTsEN, D.D., and OLBRICHT, W,
1984. A new method for environmental analysis of
particle size distribution data from shoreline sedi-
ments. Nature, 311, 648-651.

FitzcEraLp, D.M.; NumMmeDaL, D., and Kana, T.W,,
1976. Sand circulation pattern at Price Inlet, South
Carolina. Proceedings of the 15th Coastal Engineer-
ing Conference. New York: American Society Civil
Engineers, pp. 1868-1880.

FitzceraLD, D.M.; PEnvLanD, S., and NummeDAL, D,
1984. Control of barrier island shape by inlet sediment
passing: East Frisian Islands, West Germany. Marine
Geology, 60, 355-376.

Hann, G.J. and SHaPIRO, S.S., 1967. Statistical Models
in Engineering. New York: Wiley, 355p.

HarrManN, D., 1988a. Coastal Sands of the Southern
and Central Part of the Mediterranean Coast of Israel:
Reflection of Dynamic Sorting Processes. Ph.D. The-
sis, Aarhus, Denmark: Aarhus University, 335p.

HarTMAaNN, D., 1988b. The goodness-of-fit to ideal Gauss
and Rosin distribution: A new grain-size parameter—
Discussion. Journal of Sedimentary Petrology, 58,
913-917.

HarTmann, D, 1890, Cross-shore sorting differentiation
processes dominating a beach-dune system (Ab-
stract). 13th International Sedimentological Con-
gress (Nottingham, England), p. 215.

HarTmann, D., 1991. Cross-shore selective sorting pro-
cesses and grain size distributional shape. Acta Me-
chanica, Supplement 2, 49-63.

HarTMmanN, D. and CHrisTIANSEN, C., 1988, Settling
velocity distributions and sorting processes on a lon-
gitudinal dune: A case study. Earth Surface Processes
and Landforms, 13, 649-656.

HarTMmanN, D. and CHRISTIANSEN, C., 1992. The hy-
perbolic shape triangle as a tool for discrimination of
populations of sediment samples of closely connected
origins. Sedimentology, 39, 637-708.

Haves, M.O., 1980. General morphology and sediment
patterns in tidal inlets. Sedimentary Geology, 26, 139-
156.

Husearp, D.K.; OgrTEL, G., and NUMMEDAL, D., 1979.
The role of waves and tidal currents in the develop-
ment of tidal inlet sedimentary structures and sand
body geometry: Examples from North Carolina, South
Carolina and Georgia. Journal of Sedimentary Pe-
trology, 49, 1073-1092,

KLeN, G. DE VRiEs, 1970. Depositional and dispersal
dynamics of intertidal sand bars. Journal of Sedi-
mentary Petrology, 40, 1095-1127.

Luck, G., 1976. Inlet changes of the East Frisian Islands.
Proceedings of the 15th Coastal Engineering Con-
ference. New York: American Society Civil Engineers,
pp. 1938-1957.

McARTHUR, D.S., 1987. Distinction between grain size
distributions of accretion and encroachment deposits
in an inland dune. Sedimentary Geology, 54, 147-
167.

McLageN, P. and BowLEs, D., 1985. The effects of sed-
iment transport on grain-size distributions. Journal
of Sedimentary Petrology, 55, 457-470.

SHa, L.P., 1989. Sand transport patterns in the ebb-
tidal delta off Texel Inlet, Wadden Sea, The Neth-
erlands. Marine Geology, 86, 137-154.

TerwinDT, J.H.J., 1981. Origin and sequences of sedi-
mentary structures in inshore mesotidal deposits of
the North Sea. Special Publications International
Assoctation Sedimentologists, 5, 4-26.

TerRWINDT, J.H.J. and Brouwer, M.J.N., 1986. The be-
haviour of intertidal sandwaves during neap-spring
tide cycles and the relevance for paleoflow reconstruc-
tion. Sedimentology, 33, 1-31.

VINCENT, P., 1986. Differentiation of modern beach and
coastal dune sands—A logistic regression approach
using the parameters of the hyperbolic function. Sed-
imentary Geology, 49, 167-176.

Journal of Coastal Research, Vol. 9, No. 4, 1993




