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ABSTRACT: Grain-size distributions in lower beach and nearshore sands of a segment of the coast of the Golfe du Lion (France)
were analyzed by a parametric method and by modal analysis. The results have been considered both in a spatial framework
delineating geographically distinct sedimentary compartments and cells, and in a morphodynamic framework separating the
dynamic components of the shoreline (berm, collision zone, inner bar, outer bar, lower shoreface).

Modal statistics indicate that a mixture of three dominant components (end members) contributes to the grain-size
distribution (GSD) of the sediments: fine sand (Sedimentary Type I: Modal value: 0.195 mm; sI (W): 0.35), medium and coarse
sand (ST II: Modal value: 0.680 mm; sI (W): 0.8) and very coarse sand and gravel (ST III I: Modal value: 2.3 mm; sI (W): 1.5).
Quasi log-normal one-component GSDs form a minority group and mixtures produce various apparently unimodal sands and
bimodal sediments. A large variation of grain-size indices results from mixing. A simulation of mixing of log-normal
populations close to the end members shows the great sensitivity of parameters (sorting, skewness, and kurtosis) to small
changes in the compositional formula of the mixture.

The procedure followed supplies a good preliminary tool enabling rapid identification and localization of the main sand
sources on a regional scale. These components derive from potential sources available in the region, well known from previous
studies. ST I originates from the River Rhône and provides the textural base for most of the sediments. ST II and III form a
local component originating either from fluvial input (Aude, Orb, and Hérault rivers) or from the nearshore reworking of
ancient Quaternary sediments and late Holocene beachrocks. Each ST takes on local aspects in relation to the morphological
environment, but the regional scale of the study was too large to precisely reflect the local morphodynamic regime. A significant
change in the ST I sorting of bar sands is, however, observed, probably due to the net offshore migration reported for the bar
system.

INTRODUCTION

Major progress has been achieved in the last few decades in coastal
morphodynamics (Komar 1988; Van Rijn et al. 2001). This work requires
data on particle size influencing wave and current friction coefficients (fw,
fc) and settling velocity Ws (Camenen and Larroudé 2003). Such data are
useful in the parameterization of transport formulae (Kamphuis et al. 1986;
Del Valle et al. 1993). However, in the commonly used sediment transport
equations, the sediment size is often represented by a single value (Bijker
1968; Bailard 1981; Van Rijn 1984, 1989; Dibajnia and Watanabe 1992;
Ribberink 1998) or through the single grain-size-dependent parameter V
(Dean 1973; Wright and Short 1984). This misrepresentation of the
sediment property (Hajek et al. 2010) by a single proxy is, however,
extensively used (Sunamura 1988; Short 1999; Rozynski et al. 2001;
Benedett et al. 2004; Kaczmarek et al. 2004; Kleinhans and Grasmeijer
2006). Other tentative approaches (Villaret 2003; Ahmed and Sato 2003;
O’Donoghue and Wright 2004; Kaczmarek et al. 2004; Hassan and
Ribberink 2005) are also flawed by copious observations showing that they
disregard the existence of sedimentary stocks retaining a regional identity
and still bearing the mark of their sources, irrespective of energy conditions
(Folk 1968; Nordstrom 1977; Short and Ni 1997; Klein et al. 2004; Klein et
al. 2010). Therefore, the purpose of this paper is to illustrate the fact that a
thorough grain-size analysis is a prerequisite for a proper study of those

stocks considered as assemblages of grains, each responding more or less as
a grain-size individual.

The key objective of grain-size analysis is to understand the conditions
of sediment transport and deposition and to improve methods of
discrimination and classification of environments (Glaister and Nelson
1974; Tanner 1991; Blott and Pye 2001). These approaches consider that
the spatial distribution of grain-size properties reflects the local response
of the sediment to hydrodynamic factors (Liu and Zarillo 1989). In spite
of numerous studies of sampling methods, grain-size techniques, methods
of representation, analysis, and interpretation (McCave and Syvitski
1991), this question remains the subject of much discussion (Christiansen
and Hartmann 1991; Blott and Pye 2001; Martins and Barboza 2005).
Among the numerous questions still open, one particularly critical point
is the choice of the method enabling the most appropriate description of
the distribution.

Two types of methods are currently distinguished. Nonparametric
methods try to characterize the sediment by attempting to capture the
relations between the size classes via various approaches: e.g., splitting the
distribution into predetermined categories (Wentworth 1922; Blair and
McPherson 1999), principal components or factor analysis (Weltje and
Prins 2003; Weltje and Prins 2007), or modal analysis (Barusseau 1973).
Parametric methods take two main approaches:
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N those which theoretically formalize the grain-size distribution (GSD)
by searching for adequate curve fitting, (Bagnold and Barndorff-
Nielssen 1980; Christiansen and Hartmann 1991; Knight et al. 2002).

N those which define some characteristic indices from particular points
of the distribution (Folk and Ward 1957; see also the review presented
by Syvitski 1991). The approaches of McLaren (1981), McLaren and
Bowles (1985), and Gao and Collins (1992) linking spatial variations
of specific indices to transport paths fall into this category.

There is no general agreement about any particular method considered
as the panacea. Consequently, this study made use of both methods
through parametric characteristic indices and nonparametric modal
analysis. The aim is to supply a practical operational procedure enabling
the distinction of sedimentary types likely to possess a common geological
history; i.e., similar primary or secondary sources and a similar history of
the dynamic processes of transport-deposition (Krumbein and Tisdel
1940), possibly integrating circumstances in both the long term and short
term. The specific objective is to reveal components which result from this
common history and to identify types of mixtures (components,
proportions) likely to account for the diversity of the observed grain-
size assemblages. We based our study on the results of grain-size analyses
of beach and nearshore sands of the Golfe du Lion, France.

STUDY AREA

Between the mouth of the River Aude and the Espiguette Promontory
at the western extremity of the Rhône Delta, the northern coast of the
Golfe du Lion extends over 85 km, 13 km of which are rocky coasts
shared between the capes of Agde and Sète (Fig. 1).

The beach and nearshore sediments originate from fluvial deposits and
the reworking of more ancient sedimentary units whose nature and texture
have been the subject of previous studies (Akouango 1997; Sabatier 2001;
Certain et al. 2005). The River Rhône has supplied, and continues to
deposit, a major part of this material, as is markedly demonstrated by their
heavy-mineral content widely spread over the entire continental shelf
(Duplaix 1972). This influx was particularly notable between 6500 and
4000 years BP but has since decreased (Maillet et al. 2006). Today, this

reduction most particularly affects the eastern part of the area (Certain et al
2005). Locally, the rivers originating in the Pyrenees (e.g., Aude) or the
Massif Central (e.g., Orb, Hérault) also contribute to sedimentary deposits
during the severe floods that characterize the Mediterranean climate (Pardé
1941; Serrat and Depraetere 1997; Serrat et al. 2001).

The Golfe du Lion is a wave-dominated, microtidal coast (SHOM
2003). There are two dominant wind directions: northwesterly offshore
winds and southeasterly onshore winds (Akouango 1997). The sedimen-
tary material undergoes cross-shore transport with seaward fining (Jago
and Barusseau 1981) and, in the beach zone and upper shoreface (surf,
breaking, and shoaling zones), longshore transport under the influence of
littoral drift, indicated by dashed arrows in Figure 1. In the area under
study, the littoral drift is generally oriented from east to west under the
influence of waves observed during storms (easterly and southerly winds),
with the exception of the eastern extremity of the study area, near the
Rhône Delta, where the direction is the opposite. Furthermore, the
presence of jutting rocky capes (Mont Saint Clair in Sète and Cap
d’Agde) create partial or total interruptions of the littoral drift. Certain
limited sections thus present a specific orientation of hydrodynamic
circulation and a longitudinal direction of transport and constitute
compartments as defined by Coastal Engineering (1992). According to
Certain et al. (2005), there are three on the Hérault coast: A) from the
mouth of the Aude to Cap d’Agde, B) from Cap d’Agde to Sète, C) from
Frontignan-Sète to Espiguette (Fig. 1). In this study the first section stops
at an administrative limit, but in fact continues a little farther south.
Within these compartments (Fig. 1), obstacles to littoral transport (ports,
river mouths) provoke smaller scale segmentation into 14 sedimentary
cells (nos. 19–32 in Fig. 1) characterized by updrift erosion and downdrift
accretion (Agence de l’eau 2001; Certain et al. 2005).

Transversally, the coastal profile presents a generally narrow beach
(meters to tens of meters) and a nearshore zone with bars consisting of an
irregular inner system and a linear outer bar, either of which may locally
be absent (Fig. 2).

The study site was chosen for the morphological diversity of its
nearshore zone, the longitudinal transport which can be observed there,
and especially for the existence of well-documented previous work.

FIG. 1.—Location of the study area. The thick
lines are the limits of the sedimentary cells. The
short dashes mark the position of the sampled
profiles (1, 11 … 57); underlined numbers corre-
spond to the sedimentary cells; arrows mark the
direction of the general littoral drift within
each compartment.
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METHODOLOGY

Sampling

Samples were taken from 57 cross-shore profiles evenly distributed
throughout the entire sandy coast, of an average length of c. 300 meters
(Fig. 1). No samples were taken offshore of Mont Saint Clair due to the
extent of the rocky seabed and the presence of the breakwaters of the Port
of Sète. Beach samples were taken from the surface layer (1 cm). In the
marine part of each profile, sampling operations were preceded by
morphological reconnaissance by sounding (Tritech electro-acoustic
sounder). The nearshore samples were taken with a conical dredge over
a thickness of less than 5 cm and over a dredging length of 5 to 10 m
corresponding to the crests of the bars and a short section of the generally
homogeneous lower shoreface (Akouango 1997).

Five morphological zones were sampled (Fig. 2):

N the active berm B, at the landward limit of the swash at the time of
sampling,

N the collision zone C, a morphological step situated at the lower part of
the swash zone, where the backwash meets the incident wave,

N the crest of the inner bar IB when it is present (Fig. 2A) or a more
discreet morphological step at around 22 m (Fig. 2B),

N the outer bar OB or, when absent, a slight inflection of the
bathymetric profile at c. 24 m,

N the lower shoreface LS, at c. 25–6 m, which marks the transition to a
more regular, gentler slope than the variable slope of the bar zone. It
coincides with the seaward limit of the nearshore zone per se and its
base corresponds to wave base during average storms.

A total of 269 samples were taken between 7 and 18 January 2002,
during which sea weather conditions remained stable.

Sieving Procedure

After washing and drying, a representative aliquot of the sediment was
sieved without prior decalcification in order to ensure comparability of

the analyses (Wang et al. 1998) between samples containing unequal
amounts of bioclastic debris (typically 5–20%).

Sieving was chosen because the greater part of laboratory grain-size
archives consists of data obtained in this way and Flemming (2007)
considers that only results obtained by the same methods can be
compared. The sediment was sieved by means of an AFNOR column with
corrected mesh. Mesh correction, generally weak (a few microns), has the
advantage of eliminating the undesirable irregularities of the plot of the
representative curve, which can lead to incorrect interpretations of the
grain-size structure.

Finally, care was taken to note the second dimension (width) of the
largest grain contained in the upper sieve in order to know precisely the
dimension such that 100% of the material is smaller (Dmax); this is in order
to eliminate the inconvenience of open-ended size distributions indicated
by Tauber and Lemke (1995).

Plotting Procedure

In spite of the fact that the adjustment of curve fitting to grain-size data
has been criticized (Weltje and Prins 2007), numerous researchers
continue to employ systems of GSD analysis which compare it implicitly
to specific mathematical functions. For example, some studies use the log-
hyperbolic function (Wyrwoll and Smith 1988; Brown and Wohletz 1995;
Bartholdy et al 2007; Le Roux and Rojas 2007). Recently Hajek et al
(2010) showed that transported fluvial sediments, especially unimodal
samples, are better modeled with log-hyperbolic distributions than with
log-normal ones. Another distribution (Rosin and Rammler 1933),
closely related to the well-known Weibull distribution (Kondolf and
Adhikari 2000), seems well adapted to the representation of less
transported materials: boulders and cobbles of the source zones, fluvial
gravel (Ibbeken 1983; Shih and Komar 1990; Komar and Carling 1991),
and powders (Itoh and Wanibe 1988). Hill and McLaren (2001)
nevertheless consider such complex distributions of no particular
advantage compared to other simpler methods. In this respect, the log-
normal distribution law often appears as a standard of reference because

FIG. 2.—General aspect of a typical profile
with the localization of the points of sampling
(B, berm; C, collision zone; IB, inner bar; OB,
outer bar; LS, lower shoreface). A) profile with
bars; B) profile without bars (theoretical profile
as one or other of the bars is most
frequently marked).
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it responds to the intuition that the numerous events that govern the
formation of sediment during transport and deposition introduce an
element of chance which reflects the law. This distribution thus became a
norm to which other theoretical distributions are sometimes compared
(Schleyer 1987; Brown and Wohletz 1995). Log-normality could be
original in the formation of a mineral species (Shimizu 1998), and detrital
material could thus be the sum of a series of log-normal distributions.
Whatever original distribution, according to Sengupta (1975, 1979), log-
normality would be naturally restored within fluvial, dune, or marine
systems under the effect of transport, and Church (2003) considers that
the log-normal distribution ‘‘appears to describe tolerably well a wide
range of sedimentary materials’’ (p. 343).

However, the greater part of the real distributions is not log-normal for
several reasons. In nature real distributions are finite and logically cannot
be ideally Gaussian (Schleyer 1987). On the other hand, it is true that the
adjustment of the grain-size curve to the Gaussian distribution is most
often approximate, and the deviation between the model and reality
moreover underpins interpretation of the GSD in terms of environment
(McLaren and Bowles 1985), notably by the definition of a series of
indices which measure this variation.

In order to calculate them, various methods are employed (Krumbein
and Pettijohn 1938; Folk and Ward 1957; Martins 1965; Friedman 1967,
1979; Amaral and Pryor 1977; Friedman and Johnson 1982; McManus
1988; Wang et al. 1998; Yamashita et al. 2009). The results show that the
Folk and Ward parameters supply a robust set of criteria for routine
comparison, notably for the calculation of skewness and kurtosis (Blott
and Pye 2001). In spite of criticism concerning their use (kurtosis is not
linked to any morphogenic process, according to McLaren 1981 and
Dubois 1989), the three Folk and Ward parameters (sorting, skewness,
and kurtosis) expressed in W units were evaluated here in addition to the
median. These parameters were calculated using a MathCAD-based
program enabling the plotting of the curve and the determination of
percentiles by cubic spline interpolation, which is better than the linear
interpolations used previously (Seward-Thompson and Hails 1973;
Burger 1976).

A nonparametric approach was also carried out in parallel since it was
observed that 89 of the 269 samples showed discrete bimodality. Figure 3
gives some examples of this. This point will be developed in the
presentation of results, but one observes that, under the hypothesis of a
GSD created by addition of subgaussian distributions, one questions to
what extent it can be conversely broken into sub-populations, each
varying around the log-normal curve, as tentatively realized in many
previous studies (Visher 1969; Moss 1972; Glaister and Nelson 1974;
Middleton 1976; Sagoe and Visher 1977; Taira and Scholle 1979; Jago
and Barusseau 1981; Lirer et al. 1996; Passe 1997; Anthony and Héquette
2007; Horn and Walton 2007; Weltje and Prins 2007). Shih and Komar
(1994) also attempted to dissect the multimodal frequency curves of beach
sands into log-normal components. This practice is considered to be a
prerequisite for identification of sand transport (Plomaritis et al. 2008).
The well-known methods of Visher (1969) and Moss (1972), using log-
probability representation, are also an illustration of this, and have been
both abundantly followed and abundantly criticized (Purkait 2002). For
the study of the sediments of the continental shelf of the central part of
the Bay of Biscay, Barusseau (1973) systematically employed a method of
identification of each GSD component by its modal value and the
proportion that the population occupies within the mixture. Conceptually
each GSD was characterized by a modal formula giving each mode M (in
metric value) and the corresponding percentage P. Then for a bimodal
sediment the formula M1 (P) + M2 (1002P) expresses the existence of a
population centered on a mode M1 and representing P% within a mixture
where there is also a population whose mode is M2 which accounts for
the complement (1002P)%. The definition of the values of Mx and Px is
based on the points of inflection on the curve. When working on a

sufficient quantity of samples in the same geographical area, it was
observed that modal values are most frequently grouped in sets. Modal
statistics thus lead to the identification of a small number of sedimentary
types whose sedimentary history must then be reconstructed from their
properties (texture and nature) and spatial distribution. Weltje and Prins
(2003) argued that each dynamic population is the result of a combination
of factors which are linked to the sources and agents of transport and
deposition. These sediment types would thus constitute the components
that form the basis for genetic and dynamic interpretation.

Simulations were carried out in order to determine the impact of
mixtures on the substantial variability of the Folk and Ward parameters.
The idea of simulating mixtures is not new (Bein and Sass 1978; Sheridan
et al. 1987); however, it has not often been employed in spite of limited
tests using diverse procedures (Vriend and Prins 2006). In the tests, log-
normal distributions were characterized by a modal value and an
appropriate standard deviation (sorting) issuing from the experimental
results. A MathCad-based program performed the summation of two
theoretical log-normal distributions by varying the relative proportions of
the components. The program also computes the percentiles of the
resulting distribution and calculates the corresponding indices (Barusseau
et al. 1999). Figure 4 illustrates the type of results obtained in the case of a
mixture of two components taken according to the typical values
observed in the field (I: mode 2.358 W (0.195 mm), s 5 0.35; II:
mode 5 0.556 W (0.680 mm), s 5 0.8; with 70% of I and 30% of II).

PARAMETRIC RESULTS AND MODAL ANALYSIS OF LOWER BEACH AND

NEARSHORE SANDS

Grain-Size Distributions

The size-frequency curves are presented by morphodynamic zone in
Figure 5A–D. The sediment shows the largest variety on the collision
zone (Fig. 5B) with numerous bimodal GSDs. Berm sediments display a
lesser heterogeneity; a majority of them giving an apparently unimodal
GSD with a median in the 0.2–0.4 mm size interval (Fig. 5A). In both bar
zones, GSDs are gathered in a more homogeneous set of curves, although
some bimodal distributions occur (Fig. 5C); medians are scattered in a
rather large size interval (0.12–0.3 mm). The picture is the same for the
lower shoreface zone (Fig. 5D), with two major differences: presence of
rare coarse and fine components (4 out of 57), and smaller medians in a
more restricted size interval (0.11–0.18 mm). No useful observations can
be made on graphs by compartment, due to a large variation of curves
within each one.

Distribution of Indices

The characteristic values of the parametric method (median, sorting,
skewness, and kurtosis indices) as well as the modal composition
simplified by formula are grouped in Appendix 1 (see Acknowledgments
section) for all the samples. There is a wide range of values for all the
indices. Sorting ranges between very well sorted (minimum value: 0.232)
and very poorly sorted (maximum value: 2.426); skewness varies between
very negative values (up to 20.792) and very positive values (up to
+0.519); kurtosis is spread between very platykurtic values (up to 0.515)
and very leptokurtic values (up to 3.298).

The sorting index shows significant spatial variation on the berm and
collision zone of all three compartments. In the east, in cells 24, 25, and 26
(compartment B and the west of compartment C), these values are
particularly poor. The same occurs in the west in the sands of the collision
zone of cells 19 and 20 (compartment A) and, to a lesser extent, by the
sands of the berm. On the other hand, the sorting index is more
homogeneous in the two bars of the three compartments, with values
indicating very well-sorted to moderately sorted sediments. However, a
degradation of the index values appears to the west on the outer bar (cells
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FIG. 3.—Bimodal curves. In the various cases
illustrated (Parts A, B, C), the bimodal structure
shows a similarity of the constitutive modal
values but a difference in the relative proportions
of the two populations, coupled with a difference
in the indices of form (sorting and/or skewness
and kurtosis).
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19 and 20). On the lower shoreface, sorting is equally good except in cells
24, 25, and 26 (compartment B and the west of compartment C), where it
can reach values indicating a poorly sorted to very poorly sorted
sediment. On the profiles for which a complete series of measurements

exist for the entire shoreface (IB, OB, and LS, i.e., 40 out of 57 profiles),
the evolution of the sorting index reveals extremes on the outer bar;
sometimes at a maximum (30% of cases), at other times a minimum (13
out of 40 cases); in seven cases the index increases from the internal bar

FIG. 4.—Reproduction of an apparently uni-
modal distribution by a mixing mechanism. The
two log-normal populations are referred as
Components I and II. The values of the indices
indicated on the graph correspond to the
resulting distribution. The cumulative curve
represents the mixture GSD and exhibits an
obvious asymmetry due to the mixture process.

FIG. 5.—Semi-logarithmic plot of grain-size distributions by morphodynamic zone. A) Berm, B) collision zone, C) inner and outer bars, D) lower shoreface.
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FIG. 6.—Distribution of the indices in a
bivariate diagram for all data. A) sI–Sk (dis-
tributed by compartment); B) sI–KG; C) Sk–
KG.
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towards the shoreface; in eight cases it is the opposite, and shoreface
sorting is improved.

Skewness and kurtosis show a spectrum of distribution which is
variable according to the zone considered. They yield values which are
highly dispersed on the berm and the collision zone. They vary within
narrower limits on the inner bar. Dispersion increases once more when
zones farther offshore are considered (outer bar and especially the lower
shoreface). The indices show a comparable variability within compart-
ments, except in the case of the KG index of compartment C, which is
more variable than in the other two compartments.

Plotting Folk and Ward parameters on a bivariate diagram shows no
real trend either for the sI–SkI relation or for sI–KG or SkI–KG
(Fig. 6A–C). The bivariate diagrams lack trends too within compart-
ments and within morphodynamic zones (e.g. sI–SkI in Figs. 6A, 7). A
weak trend nevertheless appears in the submarine parts whose points,
with the exception of 2, are concentrated within a dense zone (sI from
0.28 to 1 and SkI from 0.15 to 20.5). However, the other bivariate
diagrams (sI–KG; SkI–KG) show much more dispersed clusters.

The origin of the dispersion of the indices could be partially linked to
the structure of the distribution itself. Indeed, in the case of bimodal and
polymodal assemblages, Flemming (2007) discerningly notes that the
comparison of the indices is meaningless since the percentiles used belong
to different populations, which we presume do not have the same
geological history.

Evidence of Population Mixing in Reputedly Unimodal and
Multimodal GSDs

Flemming’s observation leads to limit on the use of the indices to
unimodal populations alone, which represent two out of three samples in

the set of data (Table 1). Figure 8A, B, and C show that this precaution
nevertheless does not yield a significant improvement of the results, which
remain highly scattered, even if the field of dispersal is reduced (notably
for compartment C). In fact, the dispersion of unimodal GSD indices is
not surprising because the status of ‘‘unimodal distribution’’ does not
guarantee log-normality. The deviation from a log-normal distribution is
actually measured by indices that evaluate respectively the relative sorting
of the fine part of the GSD in relation to the coarse one (skewness) and of
the central part in relation to the extremities (kurtosis). If, within the set
of unimodal distributions, one focuses on those which have the best
symmetry (20.04 , SkI , 0.04) and the greatest conformity with a log-
normal distribution (0.9 , KG , 1.1), a series of 36 samples is obtained
(Appendix 2). These samples can be considered as log-normally
distributed. Plotting sI–SkI (Fig. 9) indicates that the points group into
two clusters differentiated by standard deviation: 0.300–0.400 for one and
0.700–0.800 for the other. The central parameter of these distributions
(mode) varies from 120 to 340 mm for the first group (31 values) and 370
to 740 mm for the second (five values).

Within the remaining part of the unimodal GSDs, one must also note
that, in all compartments, the interpretation of certain distributions as
unimodal is ambiguous because they seem to be characterized by the
presence of a hidden population identified in 15 samples (Appendix 1), 11
of them being situated in compartment A. This hidden mode is marked,
on the plot of the curve, by a shoulder in the coarse part (Fig. 3A). Other
examples (Fig. 3B) show that the shoulder (e.g., 18B) occupies the same
position as a better isolated population in certain distributions (e.g., 33B),
or even of a distinct component of coarser sand (28G and 37G). The
sequence of forms presented in Figure 3C illustrates the progressive
passage from a coarse population which is not easily identifiable (9T) to a

FIG. 7.—Distribution of the indices in a sI–Sk
diagram by morphodynamic zone.

TABLE 1.— Unimodal GSD in the data set.

Morphodynamical zone Berm Collision zone Inner bar Outer bar Lower shoreface
All the zones in a given

compartmentCompartment

A 20/24 (83%) 15/23 (65%) 19/24 (79%) 12/20 (60%) 21/24 (87.5%) 87/115 (75.6%)
B 3/9 (33%) 2/9 (22%) 5/9 (55.5%) 4/7 (57%) 5/9 (55.5%) 19/43 (44.2%)
C 15/24 (62.5%) 8/24 (33%) 22/24 (92%) 14/17 (82%) 15/22 (68%) 74/111 (66.7%)
All the compartments in a

given zone
38/57 (66.7%) 25/56 (44.6%) 46/57 (80.7%) 30/44 (68.2%) 41/55 (74.5%) Total: 180/269 (66.9%)
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bimodal structure where it occupies increasingly higher amounts (15BE,
15T, 30BI, 15G). This suggests that mixing processes could result in more
or less deviated unimodal GSDs from a small number of quasi-log-
normal components. Consideration of all of the data backs up this
statement especially by incorporating the polymodal distributions (most

frequently bimodal) which are dominant in certain compartments and
certain morphodynamic zones (the berm of compartment B and the
collision zone of compartments B and C). The modal analysis (see the list
of modal formulae in Appendix 1) provides a statistical counting of all the
modal values likely to characterize the ‘‘false’’ unimodal and polymodal

FIG. 8.—Distribution of indices in a sI–Sk
diagram of unimodal distributions, by compart-
ment (A, B, C) and by morphodynamic zone.
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GSDs. All the modal values (Appendix 3) are grouped into three sets
(Fig. 10). A group of modal values is called a ‘‘sedimentary type’’ (ST).
The central value of each group (1, 2, 3 in Fig. 10) characterizes a
component likely to vary within the study area. In the same way that, for
a given sample, there is a dispersion of the grain sizes around a central
value of maximum frequency, on a regional scale there is a dispersion of
individual modal values around a central one which can be considered as
characteristic of this group of values. This dispersion entails that the
limits may be close, as is the case here for ST I and II (upper limit at
340 mm for ST I and lower limit at 370 mm for ST II).

DISCUSSION

The Choice of Log-Normal Distribution as a Model for GSD

Whatever the theoretical distribution used to fit a parametric
distribution to field data, the shared common idea is that grain-size
stocks are transported and deposited as populations and not as
occasional and irregular assemblages of independent grains. As seen
above, sediment grain sizes are rarely log-normal, and the choice of this
theoretical model as a reference may seem inappropriate. Furthermore,
Hajek et al. (2010) have compared the performances of four models (log-
hyperbolic, log-skew-Laplace, log-normal, and mixtures of two log-skew-
Laplace distributions). They found that a log-hyperbolic distribution is
more suitable for samples (bedload and suspension) from rivers in east-
central Nebraska. In fact, the question is whether asymmetry is an
intrinsic characteristic of the GSD, in which case the log-hyperbolic
function incorporating asymmetry and peakedness parameters is more
appropriate than the symmetrical log-normal distribution. However, in
many occurrences, samples of beach and shoreface of the northern part of
the Golfe du Lion showed that asymmetry is not an inherent property of
the sediment but a legacy of the mixture process. Two kinds of asymmetry
must be distinguished in sediments, one attributable to the origin (source,
transport, and depositional processes) and the other one to a kind of
mixture placing side by side two or several populations differently
distributed. In the second case, although there is no proof that log-
normally distributed populations were involved in the mixing process, the
log-normal hypothesis can be applied as a good proxy to decipher the
structure of the mixture, using a combination of parametric and
nonparametric methods.

Modeling the Role of the Mixtures in the Index Variability

One main result of the study is to reveal the coexistence of quasi-log-
normal distributions with apparently unimodal grain-size assemblages,

within which GSD shape is altered through acquisition of skewness and/
or kurtosis. Only 36 samples have provided GSDs similar to log-normal
distributions, and the rest (about 150) display a large range of sorting and
skewness indices. The question ‘‘is to determine whether the measured GS
variation should be attributed to mixing of detritus from multiple sources,
to size-selective dispersal or to some combination of both’’ (Weltje and
Prins 2003, p. 44). Along the Languedoc coast, it has been observed that
certain distributions harbor a hidden population (Fig. 3) which can
develop into other distributions in a bimodal form (a third of the
samples). One can assume that the ST revealed by the modal analysis can
combine in various proportions. When one ST is dominant and another
subordinate, the first change is an alteration of shape parameters
registered by sorting and skewness. The example of such a process is
illustrated in Figure 4. Further addition of the subordinate component is
likely to produce a progressive change in shape indices. We can then
envisage the hypothesis that all of the distributions result from the
mixture in varying proportions of three original ST (end members), and
attempt to measure the incidence of this mixture on the index variability
observed and on the issuing interpretations.

It is easiest to simulate a mixture of log-normal populations with a
parameterization approximating to what has been observed in the real
sediments. Modal statistics indicate that three dominant components (ST)
should be considered (Fig. 10). Thus, three primary populations were
used in simulations, one comprising fine sands, which are very well
represented in all the sediments, and two others respectively for medium
sands and for coarse sands and gravels. Insofar as the majority of
polymodal distributions show only two STs, all the tests were carried out
with two components (I + II; I + III).

Table 2 shows the parameters used in the models (mode and standard
deviation). The modal value was taken as equal to the characteristic value
of the components (Fig. 10). However, to take into account the spreading
of type III sediment towards the coarse grains (57 values between 1 mm
and 18 mm), a larger modal dimension than that indicated by modal
statistics was preferred (Fig. 10). For the dispersion parameter (s of the
Gauss curve), an average value was derived from the observations
presented in Figure 9 for populations I and II and an average value
inferred from the values of s of the distributions which dominantly
present population III (14T, 75%; 38T, 90%). In order to take into
account the diversity of fine sands (ST I), tests were completed with two
variants of population I (I(2) + II and I(3) + II).

The results of the tests are presented in Appendix 4 and Figure 11A–C.

Generally, one must note the extreme sensitivity of the indices to the
mixture. In the absence of a guideline to represent the curve of variation

FIG. 9.—Plot of sI–Sk for the sub-Gaussian
unimodal distributions.
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plotted in Figure 11, the changes would appear incoherent. The SkI–KG
diagram is symptomatic of this. It shows that the points corresponding to
SkI values near 0–0.2 and KG near 1 can result from mixtures with a low
concentration of the coarsest population or from mixtures with a high
concentration.

The sorting index which results from the mixture (Fig. 11A; Appendix
4) presents a value which is slightly higher than the initial population
index (population I) for a low concentration (1%) of the modifying
population (population II or III). The index subsequently increases and
becomes largely superior to the modifying population when it reaches its
maximum in the tests (70%).

A negative skewness (Fig. 11A) is yielded by even a slight enrichment in
coarse grains. Values are ‘‘negative’’ for 4 to 5% of the coarse grains and
‘‘highly negative’’ for 6 to 25% of the coarse grains only. Positive
skewness is observed when the percentage of the finest population
decreases significantly (30 to 40% in the mixture).

Kurtosis (Fig. 11B, C) crosses its three domains of variation
(leptokurtic as long as the finest population occupies 70 to 80% of the
mixture, mesokurtic and finally platykurtic whilst the coarsest population
hardly represents 30%.)

Adaptation of the Models to Represent the Parameter

Variability Measured in the Field

The simulated mixture process produces a regulated variation of grain-
size indices (Fig. 11A–C). If the bivariate plot of sets of real sample

indices follows these patterns, it could be presumed that the sediments
they characterize are also resulting from a mixture process. The degree of
concordance was estimated admitting a 0.1-unit distance in both
coordinates from the model curves. A satisfactory concordance or
conformity results if the distance is less.

The validity of this assumption was addressed by searching for the
respective influence of the morphodynamic setting, and of the location in
the same compartment or the same sedimentary cell. Comparison was
carried out in relation to the four models. However, the I(1) + III model
was not used for the representation of data obtained on the shoreface,
because mode III is not present in this zone, either alone or in a mixture.

The influence of the morphodynamic zone is presented by separating
the data of the emerged sector (lower beach LB grouping the berm and
the collision zone) and that of the submerged sector (shoreface grouping
the inner and outer bars and the lower shoreface) (Fig. 12A, B). On LB
only 30 of 113 findings (26% of the data) do not fit into the field defined
by the model curves taking into account the margin of tolerance admitted.
An acceptable concordance is also observed on the shoreface, but a
deviation appears between the models and 22 of the representative points.
These points indicate a better sorting index than that applied to generate
the best-sorted population (ST I) and a positive skewness at the same
time. This situation suggests that there may be a drift of type I towards
better sorted GSDs by the elimination of the coarsest particles of the
population (sI of the shoreface is inferior to that of IB in 61% of the cases
and to that of OB in 51% of the cases). Sorting could result from the outer
bar migration according to the NOM model (Certain 2002); 16 points out
of 22 belong to the outer bar and to the lower shoreface.

Considered as a function of A, B, and C compartmentalization, the
results are unequally dispersed in the field defined by the models;
compartment C in particular shows a grouping of values within the
tolerance margins of models I(1) + II and I(2) + II. Only 18% of the
points do not conform, half of which yield sorting indices better than that
of the best-sorted component (Fig. 13).

Better results are obtained when both the part belonging to a
sedimentary cell and to the location in an emerged (LB) or submerged
zone (shoreface) are considered. The representative points are dispersed
throughout the field of variation for LB sands. In the case of certain cells,
a good fit with a smaller number of models is observed (Fig. 14A, lower
beach of cell 19, and 14B, shoreface of cell 26). Good concordance is
obtained for both emerged and submerged parts (Fig. 14C, cell 27–32).
On LB, the grain-size structure incorporates a mixture of dominant ST I
and sometimes of ST II (up to 30%) or of ST III (up to 20–25%). On the
shoreface, ST II is sometimes well represented (cells 24 of compartment B
and 26 of compartment C).

TABLE 2.— Parameterization used in the mixture tests.

Parameters of the end members

mm phi units

Population I(1) Mode 0.195 2.358
Standard deviation 0.350

Population I(2) Mode 0.260 1.940
Standard deviation 0.475

Population I(3) Mode 0.115 3.120
Standard deviation 0.315

Population II Mode 0.680 0.556
Standard deviation 0.800

Population III Mode 4.230 22.100
Standard deviation 1.500

Four mixture compositions tested: I(1) + II; I(1) + III; I(2) + II; I(3) + II.
Relative proportions of the fine population in the mixture (%): 100, 99,98, 97,

96, 95, 94, 93, 92, 91, 90, (85), 80, 70, 60, 50, 40, 30.

FIG. 10.—Definition of STs and components.
The 361 modal values are classed in function of
the AFNOR scale. They are distributed into
three sets (sedimentary types) each characterized
by a central value. ST I, II, III: Sedimentary
types 5 components resulting from the modal
analysis; 1, 2, and 3. Mode of components (1,
about 195 microns; 2, about 680 microns; 3,
about 2300 microns).
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FIG. 11.—Bivariate diagrams of the indices
calculated for different mixtures of log-normal
populations. A) sI–SkI, B) sI–KG, C) SkI–KG.
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Local Sources and Regional Ones Expressed by STs

The results support the proposition that structure is indeed the result of
varied mixtures in a majority of cases. Nevertheless, analysis also suggests
that perhaps the different mutations taken on by the populations involved
simply represent aspects of the same archetypal sedimentary type (ST).
One method of controlling this is to consider the geographic distribution
of the STs (Fig. 15).

The clearest fact is the preponderance of ST I (217 cases out of 269),
alone or dominant within a binary mixture (Compartment A, 82.3%; B,
75%; C, 90.2%). Earlier studies (Duplaix 1972; Sabatier 2001; Certain et
al. 2005) designate the Rhône as the main supplier of this type of deposit.
The sediments of the banks and levees found there (Suanez 1997; Arnaud-
Fassetta 1998) effectively possess dimensions (100–400 mm) that are
compatible with the range of modal dimensions of population I (120–
340 mm).

Things are not as clear for medium sands, coarse sands, and gravels. A
shelly fraction contributes to a part of their composition, but it is far from

dominant, and other components form the framework. Their geographic
distribution provides clues to their origin.

In compartment A, in the lower beach zone, the two westernmost cells
(cells 19 and 20) are differentiated by the presence of ST II and III, either
alone or in a mixture with ST I. Farther east (cells 21 to 23), these two
types totally disappear (except in two cases, P18B and P22T, where ST II
is , 5%). The fact that these cells are situated to the east of Cape d’Agde,
sheltered from the influence of the Hérault, Orb, and Aude rivers,
indicates that, on the contrary, ST II and III are linked to fluvial deposits
in the western part of compartment A. The deposits of these rivers, mixed
with ST I, may also be responsible for the deterioration of the sorting
index observed all along the collision zone and, to a lesser extent, on the
berm, and even on the outer bar. Compartment B is characterized by the
abundance of bimodalities on LB (I + II, I + III) but also on the
shoreface of cell 24. No river flows into this sector today, and the
explanation which is valid for compartment A is not valid for
compartment B; ST II and III thus appear here more as forms of
convergence originating from more ancient materials, possibly resulting

FIG. 12.—Comparison between the indices of
the real sediments and the modeled indices of
mixtures of log-normal populations by hydro-
dynamic zone; A) lower beach; B) shoreface. The
cross indicates for both indices a tolerance
distance defined as 610% unit of sI (Q unit) and
SkI. Sample points that are located at a distance
lower than the tolerance distance will be
validated as a confirmation of the influence of a
mixture for that sample under the conditions of
the parameterization and proportions generating
the model curve. It is theoretically possible to
deduce the approximate respective proportions
of both components in the sample considered
with respect to the location of the point near the
model curve.
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FIG. 13.—Comparison between the indices of
the real sediments and the modeled indices of
mixtures of log-normal populations by com-
partment. For tolerance bars see Figure 12.
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FIG. 14.—Goodness-of-fit of the real values
and the models for A) the lower beach (cell 19),
B) the shoreface (cell 24) and C) the lower beach
and shoreface simultaneously (cells 27–32). For
tolerance bars see Figure 12.
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from the regressive evolution of the barrier beach of the Thau lagoon with
an equipollent displacement of the entire system of bars and shoreface
(Barusseau et al. 1996; Ferrer et al. 2010). This process could have been
accompanied by the formation of a lag deposit according to a mechanism
envisaged by Wang et al. (1998). One can conclude here that a discrete
alteration of absolute and relative sorting indices, confirmed by a limited
number of expressed bimodalities, can thus be used to reveal the
appearance of a coarse population and consequently of local sedimentary
sources. In compartment C, we observe a clear distinction of the
westernmost cell (cell 26), where the sediment is complex, often coarser on
the LB level (mixture I + III) than what is observed farther east. Certain
et al. (2005) have shown that this part of the shore is preceded offshore by
vast Pleistocene outcrops of beach sandstone from which debris is
frequently torn away by storms. In every case, the origin of the coarse
modes is local, which is logical insofar as the transport of coarse particles
is more difficult.

CONCLUSION

Grain-size distributions of the lower beach and nearshore sands of
Hérault were treated by the parametric method and modal analysis.
Whatever precautions are taken, and even considering only the
apparently unimodal distributions (two-third of the samples), the
dispersion of the results obtained (sorting, skewness, and kurtosis
indices) remains important. Thus, numerous distributions considered as
unimodal in fact appear as mixtures where one or several subordinate

populations exist alongside a dominant one. The sorting index is a
particularly interesting signal of the existence of mixtures even when the
proportion of coarse fractions is low and does not entail the appearance
of bimodality. The skewness index also seems particularly well suited to
contribute to the validation of the hypothesis of a GSD resulting from a
mixing process. Sorting and skewness are widely used with the median
for the identification of the transport direction by the grain-size trend
analysis method (Gao and Collins 1994; Plomaritis et al. 2008).
Nevertheless, the observations reported above also lead us to underline
the interest of the remarks made by Gao and Collins (1994), Le Roux and
Rojas (2007), and Flemming (2007), who suggested that the bimodality
of the sediments introduces errors in the interpretation of the direction of
transport, even if McLaren and Beveridge (2006) think the contrary. The
fact that these bimodalities, whether expressed (77 samples out of 269) or
underlying (166 samples out of 269), are more frequent than is habitually
shown by a brief observation leads us to suspect that grain-size trend
analysis could be greatly improved by taking them into account. The
procedure followed shows that a purely parametric approach is
admittedly insufficient and can entail serious errors but provides a good
signature of mixing effects, then allowing complementary implementa-
tion of a nonparametric approach, such as modal analysis. The technique
applied can be transferred to GSD analysis of other clastic environments,
implying: (1) computing parameter indices (especially sorting and
skewness); (2) establishing the modal formula, statistics, and defining
the STs; (3) checking the ability of various mixtures of STs to produce
sorting and skewness ranges compatible with the ranges of experimental

FIG. 15.—Distribution of STs by profile, cell, and compartment.
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sortings and skewnesses, and (4) observing the regional distribution of
STs in order to define relationships with physiographic and/or
hydrodynamic features.

Finally, the main contributions of the study are:

(1) The GSD variability observed in sands of the beach and the
nearshore zone of the Hérault Department coast and the consequent
large range of variations in parametric indices are appropriately
represented by the hypothesis that such variations result from mixing
of a limited number of primary components (end members),
supporting the views of Weltje and Prins (2003). Four models of
two-component mixtures of Gaussian distributions adjusted on an
acceptable parameterization of modal values and standard devia-
tions, based on field data, show that this operates by the introduction
of coarse populations that mix with a finer sediment type, which is
omnipresent on this part of the Golfe du Lion coast. The
nonparametric modal analysis provides a convenient and suitable
method that distinguishes these primary components of the GSD by
deconvoluting the signal represented by the grain-size curve.

(2) The procedure followed enables the identification of the main sand
sources well known from previous studies on a regional scale, as
well as a means for localizing them. On the Languedoc coast, a
limited set of three STs was found. A ST I originating from the
Rhône supplies the textural base for practically all the sediments.
The numerous types of grain-size assemblages observed result from
its mixture with two other STs (II and III), forms of convergence
with diverse and local origins (deposits of the Hérault Department
Rivers and nearshore reworking of ancient Quaternary sediments
and late Holocene beachrocks).

(3) The local distribution of the components indicates the diversity of the
morphodynamic environments, where the main hydrodynamic zones
(swash, surf, and shoaling) are discriminated given a sufficient set of
sample profiles. The distribution of the three STs and of the mixtures
observed mimics in broad terms the localization of the morphody-
namic zones and thus reflects the dynamic processes. It supplies
insights for reconstruction of the chain of events of the sedimentary
history of the sands, which is one objective of this type of analysis
(Krumbein and Tisdel 1940). In the details, however, the variability
observed implies great and rapid adjustment of the sediment to local
conditions, as affirmed by Liu and Zarillo (1989). These conditions,
which are highly differentiated in the littoral zone due to the
morphology, wave changes in the shoaling zone, and of the
substratum variability, are reflected in the GSD of the sediment.
Even though the geographic distribution of the STs enables the
recognition of the general division of the littoral zone (shoaling, surf,
and swash), at the regional scale involved, they are not a sufficiently
refined tool to define the morphodynamic mechanisms prevailing in
the different units. Numerous questions thus remain unanswered and
indicate directions for further research. One can thus question why
the archetypal ST locally takes on a specific image, variable from one
point to another and it can be suggested that accurate observation of
sorting and skewness changes of each local aspect of STs could give
way to better understanding the intimate relationship with local
morphodynamic conditions. The regional scale of the study is no
doubt too large for this type of research, and the answer to this
question implies a greater density of sampling than employed here.
Studies focussing on limited sectors (a single sedimentary cell) are
currently underway.
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Robin. I thank them warmly. My heartfelt thanks go to both reviewers and
the associate editor whose remarks, suggestions, and requests greatly
improved the document. A special word of thanks to Colin Jago for checking
and improving the English language. Appendices 1–4 can be found in JSR’s
Data Archive, http://sepm.org/pages.aspx?pageid5229.

REFERENCES
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COMP. A Sample nb   Md mm I SkI KG Modal formula (Mode in microns) 
Cell 19 P1B  0.438 0.425 0.008 0.951 430 
 P1T  0.513 0.526 -0.108 1 490 
 P1ZI  0.272 0.411 -0.005 1.228 280 
 P1BI  0.192 0.49 -0.165 1.173 195 
 P1BE  0.193 0.637 -0.17 1.071 195 
 P1G  0.144 0.419 0.005 0.98 160 
 P2B  5.244 0.894 -0.231 0.953 5550(95) +1900(5) 
 P2T  2.161 1.117 -0.228 1.456 2250 
 P2BI  0.26 0.483 -0.104 1.127 275 
 P2BE  0.17 0.62 -0.32 1.108 170 
 P2G  0.138 0.337 -0.111 0.826 145 
 P3B  1.98 1.222 0.136 1.025 2150 
 P3T  0.283 0.319 -0.279 0.895 290 
 P3BI  0.194 0.626 -0.285 1.138 195 
 P3BE  0.175 0.737 -0.38 1.241 170(70) + 1 hidden mode around 400-500 (30) 
 P3G  0.139 0.351 -0.032 0.855 150 
 P4B  0.273 0.319 0.045 1.011 280 
 P4T  0.508 0.779 -0.027 1.095 530 
 P4BI  0.256 0.534 -0.259 1.406 250(85) + 1 hidden mode around 400-500 (15) 
 P4G  0.144 0.417 -0.083 0.907 150 
 P5B  0.256 0.366 -0.034 1.023 260 
 P5T  0.753 0.735 0.006 1.061 740 
 P5BI  0.231 0.538 -0.163 1.06 245 
 P5BE  0.313 0.662 0.004 0.901 340 
 P5G  0.181 0.679 -0.15 0.869 155 
Cell 20 P6B  0.306 0.367 -0.135 0.991 300 
 P6T  0.358 0.493 0.008 0.959 340 
 P6BI  0.247 0.65 -0.16 0.895 215 
 P6BE  0.22 0.565 -0.128 0.951 190 
 P6G  0.136 0.362 -0.089 0.94 140 
 P7B  0.315 0.357 -0.016 0.985 310 
 P7T  0.373 0.633 -0.02 0.94 370 
 P7BI  0.199 0.402 -0.185 1.085 190 
 P7BE  0.213 0.806 -0.314 0.928 180(70) + 1 hidden mode around 400-500 (30) 
 P7G  0.137 0.327 0.008 0.929 140 
 P8B  0.276 0.427 -0.054 1.015 285 
 P8T  0.435 0.919 -0.008 0.862 215(30) +520(70) 
 P8BI  0.233 0.472 -0.236 1.125 225 
 P8BE  0.194 0.619 -0.274 1.632 185(85) +540(15) 
 P8G  0.129 0.332 -0.082 0.851 135 
 P9B  0.253 0.353 -0.019 1.005 260 
 P9T  0.612 1.457 -0.174 1.005 230(30) +1000(70) 
 P9BI  0.226 0.572 -0.161 1.145 235 
 P9BE  0.219 0.601 -0.217 1.119 235 
 P9G  0.127 0.32 -0.095 0.795 140 
 P10B  0.359 0.353 -0.04 0.951 270 
 P10T  1.155 0.95 -0.079 1.234 1300 
 P10BI  0.225 0.499 -0.212 1.012 200 
 P10BE  0.175 0.432 -0.134 0.952 180 
 P10G  0.127 0.295 -0.072 0.773 140 



 P11B  0.367 0.675 -0.103 0.855 370 
 P11T  5.86 0.895 0.167 1.184 6000 
 P11BI  0.194 0.473 -0.102 1.217 190 
 P11G  0.123 0.33 -0.057 0.929 130 
 P12B  0.297 1.453 -0.7 0.952 275(80) + 2700(20) 
 P12T  6.416 0.769 0.11 0.962 6500 
 P12BI  0.243 0.528 -0.14 1.102 255 
 P12BE  0.155 0.845 -0.471 1.079 140(70) + 1 hidden mode around 400-500 (30) 
 P12G  0.119 0.282 -0.051 0.833 120 
 P13B  7.446 1.906 0.497 1.014 600(25) + 9500(75) 
 P13T  13.281 0.661 -0.012 1.048 250(5) +14500(95) 
 P13BI  0.2 0.644 -0.347 1.155 200 
 P13BE  0.216 0.817 -0.182 0.738 140(40) + 360(60) 
 P13G  0.123 0.263 -0.231 0.515 125 
 P14B  0.58 0.83 -0.032 0.968 590 
 P14T  2.737 1.932 0.307 0.855 260(25) + 4000(75) 
 P14BI  0.247 0.554 -0.011 1.025 260 
 P14ZE  0.156 0.757 -0.555 1.858 160(80) + 1 hidden mode around 400-500 (20) 
 P14G  0.13 0.318 0.157 0.919 140 
 P15B  0.412 0.755 0.033 0.884 450 
 P15T  0.718 1.09 0.189 0.704 260(45) + 1100(55) 
 P15BI  0.18 0.738 -0.471 0.947 170(80) + 1 hidden mode around 300-400 (20) 
 P15BE  0.139 0.775 -0.572 1.997 140(80) + 420(20) 
 P15G  0.441 0.67 0.298 1.677 140(15) + 450(85) 
 P16B  0.198 0.575 -0.355 1.34 195 
 P16T  0.286 1.51 -0.491 0.744 190(55) + 1000(45) 
 P16ZI  0.186 0.457 -0.164 1.068 190 
 P16ZE  0.16 0.416 -0.191 1.195 170 
 P16G  0.123 0.519 -0.436 1.788 130(90) + 490(10) 
Cell 21 P17B  0.224 0.377 -0.1 1.011 230 
 P17T  2.523 2.285 0.278 0.575 210(30) + 5100(70) 
 P17BI  0.18 0.487 -0.274 1.752 190(95) + 1 hidden mode around 400-500 (5) 
 P17ZE  0.154 0.34 -0.063 0.967 160 
 P17G  0.133 0.323 0.112 0.969 140 
 P18B  0.269 1.173 -0.528 1.139 240(70) + 1 hidden mode around 900(30) 
 P18ZI  0.154 0.324 -0.077 0.916 165 
 P18G  0.132 0.347 0.093 0.991 145 
 P19B  0.19 0.28 -0.095 0.763 200 
 P19T  0.184 0.327 -0.105 1.007 195 
 P19ZI  0.174 0.329 0.054 1.028 190 
 P19G  0.163 0.339 0.123 0.955 180 
 P20B  0.214 0.303 0.034 0.885 230 
 P20T  0.214 0.312 0.015 0.909 230 
 P20BI  0.189 0.404 -0.002 1.042 200 
 P20BE  0.183 0.386 0.022 1.096 190 
 P20G  0.151 0.406 -0.016 0.953 150 
Cell 22 P21B  0.221 0.284 0.023 1.123 230 
 P21T  0.226 0.299 -0.024 1.006 225 
 P21BE  0.198 0.352 -0.046 0.971 200 
 P21G  0.156 0.364 -0.146 1.072 160 (95) + 1 hidden mode around 1000 (5) 
 P22B  0.246 0.287 0.012 0.728 255 
 P22T  0.237 0.547 -0.237 1.786 255(90-95) + 1 hidden mode around 1000 (5 à 10) 



 P22BI  0.206 0.381 -0.003 0.96 215 
 P22BE  0.193 0.38 -0.014 0.985 200 
 P22G  0.173 0.392 0.014 1.023 180 
Cell 23 P23B  0.254 0.335 0.06 0.942 270 
 P23T  0.269 0.322 0.145 1.032 280 
 P23BI  0.239 0.585 -0.33 1.762 240(90) + 1 hidden mode around 650(10) 
 P23BE  0.196 0.349 -0.078 0.97 200 
 P23G  0.147 0.356 -0.074 1.007 155 
 P24B  0.28 0.246 0.071 1.004 290 
 P24T  0.266 0.391 -0.002 1.184 290 
 P24BI  0.216 0.451 -0.211 1.306 230(95) + 800 (5) 
 P24BE  0.203 0.431 -0.116 1.216 220(95) + 750(5) 

 P24G  0.151 0.355 -0.057 0.965 160 

        

COMP. B Sample nb  Md mm I SkI KG Modal formula 
Cell 24 P25B  0.271 0.326 0.08 1.026 295 
 P25T  2.108 1.44 0.282 0.849 295(10) + 4000(90) 
 P25BI  0.206 0.479 -0.15 1.202 210(95) + 650(5) 
 P25BE  0.24 0.463 -0.126 1.265 280 
 P25G  0.153 0.313 -0.104 0.89 160 
 P26B  0.257 0.325 0.078 0.912 280 
 P26T  0.242 0.416 -0.175 1.255 265 
 P26BI  0.224 0.605 -0.245 1.476 235(90) + 700(10) 
 P26BE  0.199 0.418 -0.075 1.081 200 
 P26G  0.142 0.375 -0.122 1.146 150 
 P27B  0.253 0.309 0.078 0.82 265 
 P27T  0.37 0.62 -0.353 0.847 325(75) + 760(25) 
 P27BI  0.206 0.71 -0.384 1.501 200(85) + 700(15) 
 P27BE  0.176 0.434 -0.071 1.063 185(95) + 700(5) 
 P27G  0.148 0.417 -0.174 1.225 155(95) + 700(5) 
 P28B  0.486 1.558 -0.371 1.116 265(45) + 800(55) 
 P28T  2.201 1.699 0.143 1.148 265(15) + 2500(85) 
 P28BI  0.196 0.345 -0.139 0.87 190 
 P28ZE  0.155 0.69 -0.423 2.016 165(95) + 2000(5) 
 P28G  0.15 1.303 -0.612 1.756 155(80) + 1800(20) 
 P29B  0.415 0.923 -0.067 0.71 260(45) + 800(55) 
 P29T  1.795 0.802 -0.158 1.064 210(5) + 1700(95) 
 P29BI  0.196 0.472 -0.274 1.107 210 
 P29G  0.155 1.085 -0.23 1.09 155(95) + 1000(5) 
 P30B  0.259 0.685 -0.392 2.13 260(90) + 1 hidden mode around 1000(10) 
 P30T  5.854 0.816 -0.079 1.289 6000 
 P30BI  0.94 1.308 0.12 1.222 200(15) + 860(85) 
 P30ZE  0.15 0.427 -0.261 1.121 155(95) + 1000(5) 
 P30G  0.151 0.389 -0.213 1.028 155(>95) + 1000(<5) 
 P31B  0.339 0.25 -0.251 0.745 265(55) + 680(45) 
 P31T  9.146 1.814 0.511 1.306 230(5) + 1400(20) +12500(75) 
 P31BI  0.177 0.406 0.004 1.109 180 
 P31BE  0.145 0.34 -0.026 0.905 150 
 P31G  0.134 0.385 -0.036 1.08 135 
Cell 25 P32B  2.199 1.231 0.329 1.756 225(10) + 2400(90) 
 P32T  7.566 1.582 0.168 1.398 190(<5) + 8000(>95) 
 P32BI  0.155 0.352 -0.027 0.947 165 



 P32BE  0.124 0.401 0.031 1.023 130 
 P32G  0.116 0.492 -0.033 0.994 120 
 P33B  0.224 1.7 -0.103 0.718 190(60) + 880(40) 
 P33T  0.189 1.83 -0.188 0.916 180(85) + 1 hidden mode around 700(10) + 4000(5) 
 P33BI  0.143 0.322 -0.015 0.962 150 
 P33G  0.11 0.305 -0.021 1.167 115 

           

COMP. C éch  Md mm I SkI KG Modal formula 
Cell 26 P34B  0.179 0.356 -0.036 1.282 185 
 P34T  0.213 0.904 -0.494 0.829 185(70) + 600(30) 
 P34BI  0.161 0.53 -0.273 1.565 170(95) + 550(5) 
 P34ZE  0.147 0.336 -0.049 0.973 150 
 P34G  0.129 0.757 -0.441 1.979 130(85) + 600(15) 
 P35B  0.342 1.469 -0.461 1.979 215(55) + 1750(45) 
 P35T  2.534 1.814 0.484 0.806 245(25) + 3400(75) 
 P35BI  0.174 0.418 -0.14 1.214 180 
 P35BE  0.151 0.357 0.003 1.1 165(95) + 1000(5) 
 P36B  0.201 0.297 -0.065 0.759 200 
 P36T  2.24 1.793 0.359 1.302 200(15) + 2500(85) 
 P36BI  0.174 0.35 -0.619 0.579 190 
 P36ZE  0.132 0.356 0.033 0.955 145 
 P36G  0.135 0.384 -0.029 1.209 140 
 P37B  2.179 1.581 0.376 0.61 350(45) + 3500(55) 
 P37T  3.508 0.416 -0.014 0.926 3500 
 P37BI  0.168 0.362 0.084 1.021 180 
 P37G  0.126 0.996 -0.625 2.683 120(85) + 1600(15) 
 P38B  1.479 2.005 0.142 0.697 220(30) + 2000(70) 
 P38T  3.683 1.69 0.124 1.289 210(10) + 3500(90) 
 P38BI  0.154 0.419 -0.06 1.143 160(95) + >2000(5) 
 P38ZE  0.146 0.463 -0.097 1.312 155(95) + >2000(5) 
 P38G  0.128 0.376 -0.113 0.907 135 
 P39B  0.214 0.33 -0.133 0.999 230(95) + >2000(5) 
 P39T  0.209 0.304 -0.075 0.923 225 
 P39BI  0.169 0.379 0.006 1.017 180 
 P39ZE  0.159 0.34 0.085 0.977 165 
 P39G  0.147 0.482 -0.179 1.279 150(95) + >2000(5) 
 P40B  0.212 0.316 -0.095 0.934 220 
 P40T  1.693 1.615 0.457 0.966 210(25) + 2300(75) 
 P40BI  0.192 0.367 -0.108 0.995 210 
 P40ZE  0.174 0.282 -0.124 0.761 180 
 P40G  0.146 0.688 -0.424 2.068 145(95) + >2000(5) 
 P41B  0.241 1.024 -0.596 2.921 230(85) + 3000(15) 
 P41T  3.527 1.607 0.069 1.302 200(5) + 3500(95) 
 P41BI  0.179 0.379 0.034 1.004 185 
 P41BE  0.193 0.396 -0.031 1.214 195 
 P41G  0.133 0.771 -0.392 2.332 135(95) + >2000(5) 
 P42B  0.232 0.671 -0.392 2.501 230(90) + 1 hidden mode around 1000(10) 
 P42T  19.207 0.972 0.202 1.287 230(<5) + 18000(>95) 
 P42BI  0.186 0.371 0.004 1.076 190 
 P42G  4.289 2.426 0.519 0.62 180(30) + 8000(70) 
 P43B  0.258 1.473 -0.761 0.659 240(75) + 2400(25) 
 P43T  3.275 1.977 0.464 0.998 215(20) + 5000(80) 



 P43BI  0.154 0.342 -0.16 0.876 160 
 P43BE  0.139 0.353 -0.074 0.777 165 
 P43G  0.145 0.356 -0.176 0.987 150 
Cell 27 P44B  0.234 0.967 -0.484 2.679 230(90) + 3000(10) 
 P44T  0.269 1.612 -0.656 1.521 255(75) + 3500(25) 
 P44BI  0.165 0.401 -0.214 0.953 170 
 P44BE  0.15 0.338 -0.16 0.884 150 
 P44G  0.133 0.397 -0.193 0.981 135 
 P45B  0.212 0.599 -0.417 1.751 210(>95) + >2000(5) 
 P45T  0.212 0.852 -0.543 1.525 200(85) + 1 hidden mode around 600(10)+>2000(5) 
 P45BI  0.152 0.375 -0.193 0.928 155 
 P45BE  0.151 0.335 -0.142 0.868 155(90) + >2000(5) 
 P45ZE  0.16 0.449 -0.172 0.954 170 
 P45G  0.145 0.387 -0.174 1.026 150 
 P46B  0.207 1.691 -0.792 0.745 210 
 P46T  0.245 0.314 0.076 0.782 230(75) + 3500(25) 
 P46BI  0.16 0.382 -0.089 1.047 165 
 P46BE  0.139 0.314 -0.026 0.85 145 
 P46G  0.131 0.347 -0.142 1.009 135 
Cell 28 P47B  0.192 0.395 -0.091 1.147 195 
 P47T  0.173 0.338 -0.179 1.003 185 
 P47BI  0.154 0.345 -0.065 0.974 155 
 P47BE  0.153 0.451 -0.182 1.173 150 
 P47G  0.125 0.441 0.023 0.936 130 
 P48B  0.227 0.679 -0.325 1.454 255 
 P48T  0.177 0.301 -0.117 0.865 180(95) + >2000(5) 
 P48BI  0.152 0.97 -0.468 2.197 150 
 P48G  0.14 0.352 -0.06 0.867 135(95) + >2000(5) 
 P49B  0.219 0.52 -0.289 1.845 230 
 P49T  0.181 0.381 -0.089 1.012 185(95) + >2000(5) 
 P49BI  0.147 0.59 -0.227 0.898 160 
 P49G  0.137 0.336 -0.107 1.088 140 
 P50B  0.181 0.842 -0.545 2.308 185 
 P50T  0.185 0.345 -0.094 0.977 180(85) + 1500(15) 
 P50BI  0.152 0.344 -0.041 1.014 150 
 P50G  0.113 0.579 -0.132 1.326 110 
 P51B  0.255 0.413 -0.131 1.061 250 
 P51T  0.175 0.378 -0.111 1.131 180 
 P51BI  0.148 0.355 0.075 0.982 150 
 P51G  0.146 0.412 -0.127 1.075 150 
 P52B  0.206 0.845 -0.522 2.595 205 
 P52T  0.194 0.303 0.001 1.196 190(90) + >2000(10) 
 P52BI  0.14 0.333 -0.056 0.926 145 
 P52G  0.12 0.328 0.031 0.878 120 
Cell 29 
à32 P53B  0.209 0.404 -0.099 1.159 230 
 P53T  0.19 0.284 -0.1 0.81 195 
 P53ZI  0.119 0.232 0.065 1.009 125 
 P53G  0.113 0.317 -0.105 0.872 115 
 P54B  0.195 0.334 -0.058 1.377 195 
 P54T  0.176 0.417 -0.049 0.925 180 
 P54BI  0.14 0.306 -0.024 0.824 150 
 P54ZE  0.124 0.271 0.065 1.151 130 



 P54G  0.111 0.294 -0.03 1.165 115 
 P55B  0.139 0.3 -0.166 0.922 145 
 P55T  0.148 0.262 0.09 1.113 150 
 P55BI  0.137 0.369 0.015 1.075 145 
 P55ZE  0.15 0.345 0.029 0.857 150 
 P56B  0.165 0.321 0.111 0.931 170 
 P56T  0.161 0.845 -0.4 3.298 170(90) + >2000(10) 
 P56BI  0.181 0.346 -0.161 1.188 185 
 P56ZE  0.156 0.378 0.086 1.021 160 
 P56G  0.158 0.451 0.248 1.131 170 
 P57B  0.225 0.314 -0.002 0.918 230 
 P57T  0.202 0.358 -0.039 0.924 200 
 P57BI  0.178 0.34 0.023 1.022 185 
 P57BE  0.169 0.336 0.1 0.98 175 

 P57G  0.13 0.374 0.119 1.036 145 

 
 



       

 Sample nb I SkI KG Mode (m)  
 P01B 0.425 0.008 0.951 430  
 P01G 0.419 0.005 0.98 160  
 P04T 0.779 -0.027 1.095 530  
 P05B 0.366 -0.034 1.023 260  
 P05BE 0.662 0.004 0.901 340  
 P05T 0.735 0.006 1.061 740  
 P06T 0.493 0.008 0.959 340  
 P07B 0.357 -0.016 0.985 310  
 P07G 0.327 0.008 0.929 140  
 P07T 0.633 -0.02 0.94 370  
 P09B 0.353 -0.019 1.005 260  
 P10B 0.353 -0.04 0.951 270  
 P14B 0.83 -0.032 0.968 590  
 P20BE 0.386 0.022 1.096 190  
 P20BI 0.404 -0.002 1.042 200  
 P20G 0.406 -0.016 0.953 150  
 P20T 0.312 0.015 0.909 230  
 P21T 0.299 -0.024 1.006 225  
 P22BE 0.38 -0.014 0.985 200  
 P22BI 0.381 -0.003 0.96 215  
 P22G 0.392 0.014 1.023 180  
 P31BE 0.34 -0.026 0.905 150  
 P31G 0.385 -0.036 1.08 135  
 P32BE 0.401 0.031 1.023 130  
 P32BI 0.352 -0.027 0.947 165  
 P32G 0.492 -0.033 0.994 120  
 P33BI 0.322 -0.015 0.962 150  
 P36ZE 0.356 0.033 0.955 145  
 P39BI 0.379 0.006 1.017 180  
 P41BI 0.379 0.034 1.004 185  
 P42BI 0.371 0.004 1.076 190  
 P48B 0.441 0.023 0.936 130  
 P55ZE 0.369 0.015 1.075 145  
 P57B 0.314 -0.002 0.918 230  
 P57BI 0.34 0.023 1.022 185  

 P57T 0.358 -0.039 0.924 200  
       
 

 



Mesh 
  

Compartment 
A 

Compartment 
B 

Compartment 
C  

Total Cumulative total 
Modal frequency 

distribution  

20   0 0 0  0 0 0.00
10   1 1 1  3 3 0.83
5   5 2 2  9 12 3.32

3,15   1 2 5  8 20 4.80
2,5   1 1 5  7 27 7.48

2   2 2 17  21 48 13.30
1,6   1 2 2  5 53 14.68

1,25   1 1 2  4 57 15.79
1   5 4 2  11 68 17.50

0,8   2 3 0  5 73 20.22
0,63   3 8 0  11 84 24.40
0,5   10 0 4  14 98 27.15
0,4   8 0 0  8 106 29.36

0,315   5 1 1  7 113 31.30
0,25   22 11 3  36 149 41.27
0,2   24 9 27  60 209 57.89

0,16   29 9 40  78 287 79.50
0,125   21 10 35  66 353 97.78

0,1   1 1 6  8 361 100.00
    
     

 



           

 Mixture I(1) + II  Mixture I(2) + II  

 Prop I (%) I SkI KG  Prop I (%) I SkI KG  
 100 0.35 0 1  100 0.475 0 1  
 99 0.365 -0.016 1  99 0.487 -0.007 1.014  
 98 0.373 -0.033 1.021  98 0.494 -0.016 1.02  
 97 0.381 -0.049 1.042  97 0.504 -0.031 1.035  
 96 0.393 -0.071 1.072  96 0.516 -0.049 1.054  
 95 0.414 -0.112 1.147  95 0.528 -0.065 1.07  
 94 0.448 -0.166 1.281  94 0.542 -0.083 1.094  
 93 0.492 -0.222 1.463  93 0.557 -0.104 1.125  
 92 0.526 -0.256 1.589  92 0.572 -0.122 1.153  
 91 0.551 -0.279 1.674  91 0.59 -0.142 1.189  
 90 0.572 -0.297 1.732  90 0.606 -0.158 1.218  
 85 0.663 -0.373 1.836  80 0.744 -0.275 1.28  
 80 0.797 -0.482 1.707  70 0.859 -0.322 1.131  
 70 0.971 -0.539 1.086  60 0.929 -0.305 0.954  
 60 1.046 -0.501 0.809  50 0.966 -0.24 0.873  
 50 1.087 -0.382 0.745  40 0.979 -0.134 0.842  
 40 1.107 -0.095 0.727  30 0.976 -0.028 0.856  

 30 1.105 0.071 0.747       

      Mixture I(3)+II  

 Mixture I(1) + III  Prop I (%) I SkI KG  

 Prop I (%) I SkI KG  100 0.315 0 1  
 100 0.35 0 1  99 0.334 -0.018 0.996  
 99 0.365 -0.017 1.002  98 0.341 -0.034 1.014  
 98 0.374 -0.034 1.026  97 0.351 -0.057 1.052  
 97 0.383 -0.051 1.05  96 0.368 -0.093 1.125  
 96 0.4 -0.083 1.105  95 0.403 -0.158 1.307  
 95 0.439 -0.149 1.265  94 0.529 -0.291 2.002  
 94 0.715 -0.353 2.622  93 0.581 -0.324 2.231  
 93 0.818 -0.388 3.077  92 0.613 -0.342 2.346  
 92 0.881 -0.408 3.321  91 0.639 -0.358 2.411  
 91 0.927 -0.422 3.476  90 0.663 -0.379 2.448  
 90 0.964 -0.433 3.581  85 0.769 -0.48 2.454  
 80 1.735 -0.76 3.4  80 1.085 -0.661 2.238  
 70 2.085 -0.777 0.87  70 1.262 -0.672 0.819  
 60 2.237 -0.754 0.677  60 1.338 -0.634 0.677  
 50 2.325 -0.659 0.625  50 1.381 -0.422 0.641  
 40 2.379 0.038 0.605  40 1.4 0.127 0.631  
 30 2.408 0.217 0.605  30 1.399 0.261 0.651  

 


