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Abstract

Spatial variations in grain-size parameters (i.e. grain-size trends) contain information on sediment transport patterns. Analytical
procedures have been proposed using the grain-size trend to determine net sediment transport pathways. In the first part of this
study, the fundamentals of the theory are presented through methods for analysing 1D and 2D variations. The methods used are
critically discussed, while pointing out some severe problems. So far, these methods suffer from limitations leading to serious
interpretational errors, making it necessary to take account of two kinds of uncertainties. Inputs uncertainties are linked to the
physical sediment properties as well as procedures of sampling and analysis. Model uncertainties are then discussed for each step of
the grain-size trend analysis. The validity of Sediment Trend Analysis under natural conditions is tested against published field
studies to determine the most appropriate variation trend to use in a specific environment. Proposals are given for each step of the
procedure for optimal use of the method using a Quality Assurance (QA) approach. Further developments are proposed, such as
integration into a Geographic Information System.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Since Petitjohn and Ridge (1938), Krumbein (1938)
and Plumley (1948), spatial changes in grain-size
parameters have been used to determine net sediment
transport paths. Many applications have been developed
to determine the net patterns of sediment transport and
the dynamic behaviour of the bottom sediment. Until the
early 1980s, such studies focused on the variation of
individual parameters (i.e. mean grain size, sorting or
skewness). Mc Laren (1981) was the first to develop a
sediment transport model based on the study of
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combined parameters. According to Wheater et al.
(1993), Mc Laren's model can be considered as a mix
between an empirical and a conceptual model. The
model is empirical because it is based primarily on the
analysis of observations and seeks to characterize the
response to the input data. The model is also conceptual,
since it tends to include a general description of
sedimentation processes without considering the spe-
cific details of interactions between processes (Sor-
ooshian, 1991). Since then, further developments were
proposed by Mc Laren and Bowles (1985), and various
modifications of the approach have been proposed, in
particular, Gao and Collins (1991, 1992, 1994a,b), Le
Roux (1994a,b). Based on the same concept, we can
distinguish three different methods: the 1D method (Mc
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Laren's method is known as Sediment Trend Analysis,
STA®), the 2D point-to-point method (Gao and Collins'
method) and the 2D method (Le Roux method). All
these methods (Fig. 1) are based on a general four-stage
procedure: (1) data collection; (2) choice of the grain-
size trend cases used in the analysis; (3) definition of
trend vectors; and (4) significance tests on the transport
vectors. Due to the two-dimensional approach, both the
Gao and Collins' (1992, 1994a) method and the Le
Roux (1994a,b) method require an additional step,
which corresponds to an averaging of trend vectors (Gao
and Collins, 1991, 1992; Le Roux, 1994a). These
methods have been used by many workers in a wide
range of different environments such as rivers (Mc
Laren and Ren, 1995; Mohd-Lokman et al., 1998;
Asselman, 1999), beaches (Masselink, 1992; Mc Laren,
1993; Guillen and Jimenez, 1995; Pedreros et al., 1996;
Michel et al., 2000; Delgado et al., 2002), harbours (Gao
and Collins, 1992), estuaries (Mc Laren and Little,
1987; Wu and Shen, 1999; Mallet et al., 2000a; Duck
et al., 2001; Pascoe et al., 2002; Friend et al., 2006),
more or less complex areas of the continental shelf
(Lanckneus et al., 1992; Gao and Collins, 1994a; Gao
et al., 1994; Ehrhold, 1999; Van Wesenbeck and
Lanckneus, 2000; Le Bot et al., 2001; Lucio et al.,
2002; Garnaud, 2003; Duman et al., 2004; Duc et al.,
2007, Duman et al., 2006), submarine canyons (Liu
et al., 2002, 2004) and specific environments (Mc Laren
et al., 1993; Orpin and Woolfe, 1999; Jia et al., 2003).

A considerable number of studies have been carried
out on the subject, of which only a fraction are cited
here. Moreover, despite several successful applications
of these methods, certain points concerning its theoret-
Fig. 1. Main steps in Sediment Trend Analysis computation.
ical basis and technical procedures can cause misunder-
standing and so produce uncertainties. As is frequently
the case, some major difficulties are encountered
between the presentation of the theories and their
correct application. These difficulties are illustrated by
the numerous references in the literature coming under
“Discussion” and “Reply” (see, for example: Gao and
Collins, 1991; Mc Laren and Bowles, 1991; Mc Laren,
1993; Masselink, 1993; Gao and Collins, 1994b; Le
Roux, 1994a; Hartmann and Flemming, 2002). Our
paper is not designed to promote one STA procedure at
the expense of another. The aim of the present study is to
provide more than a simple overview of the concepts of
Sediment Trend Analysis (STA), as already given by
Gao and Collins (2001), Le Roux and Rojas (2004,
2007) and Mc Laren et al. (2007). Nevertheless, the
present paper approaches the subject from a different
point of view. We would like to place our work in the
framework of Quality Assurance (QA) as described by
Hartmann (2007), so as to obtain the highest possible
quality in the STA approach. We return to some
sedimentological features often considered as clearly
established, but which are often neglected (Hartmann
and Flemming, 2004; Hartmann, 2007; Socci and
Tanner, 1980). Some uncertainties are then discussed
regarding the theoretical basis of the method. Finally, we
make some recommendations for a better use of this
approach in sedimentary environments.

This paper has the following structure. In Section 2,
we summarize the fundamentals of the methods. For
more detailed information, readers may refer to the
original studies. Although input uncertainties are
presented by the authors of the STA approach, these
uncertainties are discussed here more thoroughly in
Section 3. In Section 4, we present the uncertainties of
the main model. A brief comparison is carried out of the
main software tools used to determine sediment trends.
This comparison is intended to allow researchers to
choose the software that offers the best approach as a
function of the studied problem.

In Section 5, we analyse some applications of the
different methods, and their efficiency is compared in
terms of the studied natural environments.

2. Fundamentals of the methods

2.1. Introduction

Three granulometric parameters are involved in
Sediment Trend Analysis methods, i.e. mean grain
size, sorting and skewness. Fourteen cases (Table 1) can
be defined by combining these three parameters.



Table 1
Fourteen possible types of grain-size trends using three grain-size
parameters, either combined or alone. In this notation, μ is the mean
grain size, σ is the standard deviation and Sk is the Skewness. Φ units
are used. A and B are the two sampling sites considered (slightly
modified from Gao et al., 1994)

Sedimentological trend Definition

B σANσB

P σAbσB

CB μANμB and σANσB

FB μAbμB and σANσB

CP μANμB and σAbσB

FP μAbμB and σAbσB

CB− μANμB, σANσB and SkAbSkB
FB+ μAbμB, σANσB and SkANSkB
CB+ μANμB, σANσB and SkANSkB
FB− μAbμB, σANσB and SkAbSkB
CP− μANμB, σAbσB and SkAbSkB
FP+ μAbμB, σAbσB and SkANSkB
CP+ μANμB, σAbσB and SkANSkB
FP− μAbμB, σAbσB and SkAbSkB

Fig. 2. The 1D method determines the transport direction along a
sampling line by comparing the sedimentological parameters of all
possible pairs of samples on the sampling line. Black dots represent
studied samples. Black line is the sampling line. Modified from
Le Roux and Rojas (2004).
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However, not all of these cases are explored by
Sediment Trend Analysis methods. Granulometric
variation trends between two sediment samples can be
qualified as Finer (F) or Coarser (C), Better (B) or
Poorer (P) sorted, and more (+) or less (−) skewed.
Thus, we can use a notation scheme for combinations of
these different trends. For example, we use FB− for a
Finer, Better sorted and more negatively skewed grain-
size distribution trend.

2.2. One-dimensional method

The Mc Laren (1981) method allows us to determine
the net sediment transport direction comparing granulo-
metric parameters (mean grain size, sorting coefficient
and skewness) of all possible pairs of samples (Fig. 2)
located on a sampling line.

For each pair of samples compared, eight possible
trends (23 cases using combined parameters: F, C, B, P, +
and −) exist with a probability of random occurrence
equal to 1/8.

In his first theoretical approach, Mc Laren (1981)
proposed to consider only four sedimentological trends,
denoted as Case I, Case II, Case IIIA and Case IIIB
(Table 2).

Each of the cases has to be considered separately.
Case II corresponds to a lag deposit and Case I, Case
IIIA and Case IIIB to three sequential deposits. It is
noteworthy that both Case II and Case IIIB produce
identical trends, the former corresponding to a lag
(sediment is in dynamic equilibrium), which does not
yield a transport direction by itself, while the latter is a
deposit. As a consequence, Case II should be ruled out.
Mc Laren and Bowles (1985) considered only the two
sedimentological trends CB+ and FB−, referred to as
Case C and Case B, respectively. They enhanced the 1D
approach by using realistic transfer functions and
demonstrated that Case IIIA (FB+) is invalid.

For these authors, when sediments become finer, the
skewness must become more negative. They also
suggest that deposits can become more poorly sorted,
and this is particularly apparent when sediment
distributions are described in phi units. Accordingly,
the cases FP− and CP+ must be considered, even though
Mc Laren and Bowles (1985) did not include this
possibility in their notation.

At the beginning, 1D method was developed to study
only longitudinal environment (Mc Laren, 1981; Mc
Laren and Bowles, 1985). To do that, they study
granulometric evolution along lines (sequence of n
samples). For each line, a minimum of 9 samples is
required (McLaren, 1993). To study amore complex area
and to analyse a sediment transport direction over 2
dimensions, a grid of samples is required (Mc Laren and
Little, 1987). In order to infer the direction of sediment
transport at a given location (L), a minimum of
8 additional samples are needed (3×3 matrix with
sample L located at its centre). So the minimum number
of samples needed to estimate pathways is a 9×9 grid
containing 81 samples.

A significant test (Z-score) is used to determine a
preferred transport direction and validate it. The final
acceptance of a sediment trend is carried out via the
qualitative evaluation of a multiple correlation coeffi-
cient between the studied granulometric parameters of
each samples contained in the sequence (Mc Laren et al.,
1993). The most recent reviews of the 1D approach are
presented and supported by Mc Laren et al. (2007) and
presented and criticized by Le Roux and Rojas (2007).



Table 2
Sedimentological significance of the trend cases as defined by Mc
Laren (1981). Cases II and IIIB correspond to CB+, Case I to FB− and
Case IIIA to FB+

Case Sedimentological trend

Case I FB−
Case II CB+
Case IIIA FB+
Case IIB CB+

Fig. 3. In the 2D point-to-point method, the residual vector is obtained
by summing the trend vectors of all neighbouring samples.
Neighbouring sampling sites are determined on the basis of the
characteristic distance (Dcr), which represents the spatial scale of
sampling. Black dots represent the studied samples. Thin arrows
indicate trend vectors. Large arrow is the final trend representing the
net transport path.
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2.3. Two-dimensional point-to-point method

Gao and Collins (1991, 1992) developed a two-
dimensional model that is easy to apply. Trend vectors
are determined via a grid of sampling sites comparing the
grain-size parameters of neighbouring samples (Fig. 3).

Neighbouring sampling sites are identified on the
basis of a characteristic distance that represents the
space scale of sampling. For each sample site where a
trend can be defined, a dimensionless trend vector of
unit length is drawn according to the direction between
the compared sampling sites. While vector summation
produces a single vector at each sampling site, an
averaging operation is first applied to remove noise
included in the vectors. The averaging procedure yields
“transport vectors” that represent net transport paths.

Following the work of Mc Laren and Bowles (1985),
Gao and Collins (1991), first considered the two cases B
(FB−) and C (CB+) separately. Using empirical observa-
tions compiled by others investigators (analyses of
published datasets), Gao and Collins (1992) considered
all three granulometric parameters (mean grain size,
sorting and skewness) to define two dominant grain-size
trends i.e. Case 1 and Case 2, which correspond,
respectively, to FB− and CB+. Nevertheless, they pointed
out the existence of Case FB+ in a beach environment
studied by Self (1977). If either a Case-1 OR Case-2
trend is identified between the two sites (i.e. Case 1
combined with Case 2), then a dimensionless trend vector
is attributed to the site with the higher sorting coefficient.
Gao et al. (1994) studied linear sandbanks in a tidally
dominated environment (off the Belgian coast). They
compared the different theoretical types of sediment
trends with local information on current speeds and
bedform asymmetry characteristics as well as from side-
sonar survey. Among 14 initial theoretical trends
analysed (noted I.1 to III.8 in Table 3), they rejected all
the trends with an increase in sorting coefficient (poorly
sorted) along the transport pathway. These authors
concluded that a combination of the granulometric
parameters enhances the degree of similarity of the
results. Hence, four cases still remained to be treated
(III.1 to III.4 respectively CB+, FB−, CB−, FB+). A
mixture of cases III.1 and III.2 (CB+ and FB−) was also
considered according to their previous study (Gao and
Collins, 1992). In conclusion, they recommended using
the latter case as having the higher degree of similarity.
The other combinations were not studied because these
trends, when used individually, did not generate patterns
that can be compared with other pieces of evidence.

A modified approach of the Gao and Collins method
has been implemented in a Geographic Information
System, using geostatistical tools (Asselman, 1999). The
main contributions of this work are (1) the interpolation of
the initial data set to produce regular grids of the three
statistical parameters; and (2) the use of a Monte Carlo
simulation to carry out a statistical test on the trend vectors.

2.4. Two-dimensional method

The method of Le Roux (1994a,b) is based on the
fact that sediment transport takes place across wide
unidirectional fronts rather than from point to point as
assumed by the Gao and Collins method. Groups of five
stations are therefore used to determine the vector mean
direction and vector strength of the transport paths
(Fig. 4). In a first step, the grain-size parameters for each
sampling site are combined into a single dimensionless
number, with each parameter being considered of equal
importance.

Among the five stations considered, one is selected as
the central station and the others are satellite stations



Table 3
Possible types of grain-size trends (Gao et al., 1994) using three grain-
size parameters. The first numeral represent the number of parameters
and the second the numbered case. In this notation, μ is the mean grain
size,σ is the standard deviation and Sk is the skewness. Parameter values
are expressed in Φ units. A and B are the two sampling sites considered

Group Case Definition

I I.1 σA≥σB

I.2 σA≤σB

II II.1 μA≥μB and σA≥σB

II.2 μA≤μB and σA≥σB

II.3 μA≥μB and σA≤σB

II.4 μA≤μB and σA≤σB

III III.1 μA≥μB, σA≥σB and SkA≤SkB
III.2 μA≤μB, σA≥σB and SkA≥SkB
III.3 μA≥μB, σA≥σB and SkA≥SkB
III.4 μA≤μB, σA≥σB and SkA≤SkB
III.5 μA≥μB, σA≤σB and SkA≤SkB
III.6 μA≤μB, σA≤σB and SkA≥SkB
III.7 μA≥μB, σA≤σB and SkA≥SkB
III.8 μA≤μB, σA≤σB and SkA≤SkB

Fig. 4. The station for which a vector has to be determined (central
station) is compared with the four nearest sites (satellite stations). The
satellite stations must be placed equidistant from the centre. When
stations are located at an irregular distance from the centre, an iterative
trigonometric technique is used to modify initial parameters values to
take in account the translation and rotation of the satellite stations.
Modified from Le Roux (1994a).
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located on the principal radials (090°, 180°, 270°, 360°),
at equal distance from the central station. To allow for an
irregular distribution of sampling stations, an iterative
trigonometric technique is used to determine the values at
the different localities. Conventional vector analysis
allows the calculation of a mean direction and a mean
magnitude. At the end of the procedure, the distribution of
the calculated vectors is analysed using a statistical test.
For the determination of grain-size trends, Le Roux
(1994a,b), Le Roux et al. (2002) and Le Roux and Rojas
(2004) considered four cases separately, i.e.: CB+, CB−,
FB+ and FB−. Le Roux (1994a,b) bases his choice on the
previous studies of Self (1977) and Gao and Collins
(1991, 1992).

2.5. Comparisons of the different approaches

Despite many studies based on Sediment Trend
Analysis, only very few have compared the different
approaches in terms of efficiency. The first study
(Lanckneus et al., 1992) compared both the 1D method
of Mc Laren (1981) and Mc Laren and Bowles (1985)
with the point-to-point 2D method of Gao and Collins
(1991). For the sand banks studied, it appears that the
1D method of Mc Laren (1981) is better than the
enhanced 1D method due to Mc Laren and Bowles
(1985), since it takes account of more sediment transport
cases. Nevertheless, the point-to-point 2D method
appears more realistic because it allows a distinction
between flood- and ebb-dominated areas. Liu et al.
(2002) studied a submarine canyon and its adjacent area,
comparing the Mc Laren method with Gao and Collins'
one. Results obtained by both approaches were then
compared with a more specific method of analysis called
EOF (Empirical Orthogonal Function). Even if the three
studied methods complement each another, none of
them seems able to provide detailed sediment transport
pathways.

In studying a harbour, Ríos et al. (2002, 2003)
compared the enhanced 1D method (Mc Laren and
Bowles, 1985) with the point-to-point 2D method of Gao
and Collins (1991, 1992) and the 2D method of Le Roux
(1994a,b). In the studies of Rios et al. (op. cit.), the three
grain-size trend methodologies agree with the results
obtained by current analysis and aerial photography.
Raster analysis and spatial correlation analysis showed
that the 1D method tends to confuse the space scale of
sediment transport processes and, at best, it can represent
sediment circulation on a large spatial scale. Both the
point-to-point 2D method of Gao and Collins (1991) and
the 2D approach of Le Roux (1994a,b) allow access to
information on mesoscale sediment circulation. For Ríos
et al. (2002, 2003), both methodologies need to be
combined to obtain a better representation of local net
sediment transport patterns.

Le Roux and Rojas (2007) compared results obtained
using the methods of Le Roux (1994a,b) and Gao and
Collins (1992), applied to the different sub-environ-
ments of a small Gilbert-type delta. Based on the Mean
Global Error, as defined by Rojas (2003), the best results
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were obtained by the Le Roux method, except for the
delta slope.

Most of the applications of Sediment Trend Analysis
are related to open marine environments, in which there
is no prior knowledge of transport direction. In this
context, it appears more realistic to use a two-
dimensional approach to take account of the spatial
scale (Gao and Collins, 1991; Masselink, 1992; Gao and
Collins, 2001; Ríos et al., 2002, 2003). According to Le
Roux and Rojas (2007), the Le Roux method produces
the best overall results in one specific well-constrained
study. On the contrary, Mc Laren et al. (2007)
considered that the 2D approach (called the vector
approach) should be used only as a helpful guide to a
more detailed line-by-line method.

For Mc Laren et al. (2007), two categories of STA
approaches must be considered (1) the line-by-line
approach of Mc Laren and Bowles (1985); and (2) a
number of vector analyses (Gao and Collins, 1992;
Chang et al., 2001; Le Roux et al., 2002). Mc Laren
et al. (2007) firstly used a vector approach as a help-
ful guide to discern possible trends, but since this
approach is unable to account for any or all of the
noise, a far more rigorous line-by-line analysis must be
performed.

3. Input uncertainties

The first type of uncertainty is related to the input
data. While some of these uncertainties have been
highlighted by Mc Laren (1981), Gao and Collins
(1991, 2001), Le Roux (1994a,c) and Asselman (1999),
others are linked to good practice in sedimentological
analysis. Not taking these uncertainties into account will
necessarily lead to determining incorrect sediment trend
paths.

3.1. Physical properties of sediment

Provided that grains of equal size have similar shape
and specific gravity, sediment transport processes are
more likely to move fine grains rather than coarse grains
(Mc Laren, 1981). According to Gao and Collins
(1992), for a particular transport process, both the
transported and deposited sediments are assumed to
have the same density and porosity. Based on this
assumption, all the sedimentary particles transported by
a given process should exhibit the same hydraulic
behaviour. However, for Mc Laren (1981) “preferential
transport due to shape or specific gravity will occur
within the grain sizes encompassed by the probability
function of particle movement based on size alone”. It
appears that particle shape has a major influence on the
results of grain-size analysis, and this influence varies
greatly according to the granulometric method used
(Flemming and Thum, 1978; Flemming, 2004). In the
same way, the grain density should be taken into
account, being a function of water temperature (kine-
matic viscosity), since it not only affects the mean
settling velocity but also the sorting and the skewness of
the size distribution (Flemming, 2007).

3.2. Mechanical and chemical modification of particles

3.2.1. During transport
We should also consider the mechanical or chemical

modifications of particles during their transport. Floccula-
tion (Kranck, 1973, 1980) is the most important of these
phenomena. In areas influenced by plumes (Drake, 1972,
1976; Eisma and Kalf, 1984; Eisma, 1986), whatever the
prevailing oceanographic conditions, flocculation occurs
via inter-particle collision followed by adhesion. Floccu-
lation does not appear to depend strongly on particle size,
so deposits formed by deposition of flocs are poorly sorted
(Kranck and Milligan, 1991). This typical poor sorting
makes it difficult to extract an environmental record of the
depositional conditions based on particle-size analysis (Fox
et al., 2004). The difficulty of determining a sediment trend
arises from the fact that flocculation may result in
preferential deposition of fine particles rather than selective
deposition of sediment linked to specific hydrodynamic
conditions.

Recent researches has demonstrated that fine parti-
cles can also propagate into pore space of the bed
deposited sediment and be removed by a combination of
physical and chemical processes (Huettel et al., 1996;
Ren and Packman, 2002). Fine sediments migration
depends on their interactions with the larger sediment
grains. This behaviour can significantly alter fine
sediment-size distribution during sediment transport
(Ren and Packman, 2007).

3.2.2. After transport
Modifications of particles after transport (mechanical

wear, bioturbation, diagenesis, etc.) may also alter the
sediment-size distribution and lead to anomalous trends.
In high-energy environments, where hydrodynamic
mechanisms are responsible for the breaking of particles
(very often shells), the original grain population is
continuously modified and the deposit cannot be
directly related to the source. Once deposited, the
sediment is subject to early diagenesis. This mechanism
involves the sequential oxidation of organic matter
mediated by microbial activity. Organic matter
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decomposition drastically modifies the chemical com-
position of the pore waters and can induce authigenic
mineral formation and dissolution in the sediments
(Curtis, 1977; Gieskes, 1981). Such modifications can
clearly affect the grain populations of the sediments and
thus disturb the Sediment Trends Analysis. In some
case, early diagenesis can also produce cohesive mud. If
there is cohesion between the finer grains of the source
sediment, the eroding process will remove coarser
sediment with less cohesion and leave behind the finer
particles. This mechanism yields unpredictable trends
for all types of sediment trends (Mc Laren, 1981).

Suspension feeders such as mussels, oysters or
gastropod molluscs produce faecal pellets and pseudo-
faeces as a waste product. The piling up and clustering
of individual grains favours the accumulation of bio-
agglomerates and the permanent preservation of bio-
genic mud. Hence, the nature and texture of the
sediment are irreversibly and radically modified.
Bottom sediments become more and more cohesive
and erosion processes linked to tidal currents or storm
events are often unable to erode mud sediments.

Bottom trawling activities also have strong effects on
benthic communities, sediment fabric and resuspension,
as well as on seafloor microtopography. Trawling has
been identified as a major cause of sediment resuspen-
sion on continental shelves, with consequences for the
mixing of sediments and settling of resuspended matter;
both of these mechanisms can lead to a vertical
redistribution of sediment layers. (Churchill, 1989;
Pilskaln et al., 1998; Palanques et al., 2001).

As a result, Sediment Trend Analysis should not be
performed in areas with abundant suspension feeders or
which are subject to intensive trawling activities.

3.3. Sampling depth

As noted by Gao and Collins (1992) and Duc et al.
(2007), the interpretation of any grain-size trend must
take into account the time-scale corresponding to the
analysed trend. Gao and Collins (1992) demonstrated
mathematically that, to obtain clearly defined grain-size
trends, the sampling depth should not be too great. In
fact, it should represent the same time interval required
for accumulation of the sediment trend. To avoid mixing
“ancient“ and “modern” net transport, these authors
define the sampling depth as the depth of disturbance,
which depends upon the intensity of local dynamic
forces. The appropriate sampling depth has to be
determined by the operator during sampling operations
at sea. Such a choice strongly conditions the results of
the Sediment Trend Analysis, so it must be made by
competent technicians and always adapted as a function
of the changing environments.

3.4. Sampling density

Space-scale sampling is often subject to economic
considerations and therefore unsatisfactory as it depends
entirely on the decision of the particular investigator
(Le Roux and Rojas, 2007). The optimal distance between
individual sampling stations clearly depends on (1) sedi-
mentary environments; (2) geographical configuration; and
(3) the desired spatial scale of the sediment trends.
Recently, two different approaches have been proposed:

– taking samples as closely as possible together, and
then determining the maximum range between
stations from a semi-variogram (Le Roux and
Rojas, 2007),

– considering communication theory (Shannon, 1948),
according to which the signal (trends) must be
sampled at twice the highest frequency, i.e. two
samples placed×km apart can only detect transport
process that occur over a distance of the order of 2×
km or more (Mc Laren et al., 2007).

A small sampling interval can greatly reduce the
magnitude of observed grain-size trends between
neighbouring sites (Gao and Collins, 1992). Uncertain-
ties introduced by the grain-size analysis may obliterate
the grain-size trends. The sampling interval can be
reduced if the grain-size analysis uses a sufficiently well
advanced technique. Even so, there will be a limit on the
interval distance that can be applied (Gao and Collins,
2001). Mc Laren and Bowles (1985, 1991) previously
made the same observation, concluding that the
interpretation of data from the nearest samples may
not provide the best trend. Therefore, the sampling sites
should not be located too closely together.

As grain-size parameters are environmentally sensi-
tive (Friedman, 1961a,b, 1962, 1967, 1979a,b), noise
may be introduced by comparisons between sampling
sites in different environments resulting from excessive-
ly large sampling intervals. The sampling interval must
be small compared with the dimension of the sedimen-
tary environments under investigation (Gao and Collins,
2001). As a consequence, Sediment Trend Analysis may
not be applicable to areas where sedimentary environ-
ments are highly variable over short distances (Gao and
Collins, 1992). Moreover, the technique could be unsuc-
cessful in identifying transport paths in areas where
various sediment sources lead to the mixing of material
(Gao and Collins, 1994a). According to Stevens et al.
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(1996), closer sample spacing is required for the inter-
pretation of coarse-fraction trends. For these authors, this
difference is due to the greater variability of bottom
hydrodynamic features and to the contamination of
coarse deposits by fines during waning flow conditions.
For practical purposes, sample spacing should not
exceed 1 km in open ocean environments, but can be
reduced to 500m in estuaries (Mc Laren et al., 2007). For
Le Roux and Rojas (2007), the spacing between samples
should probably be a minimum of 15 m and a maximum
of about 400m. For these authors, spacing in the range of
50–250 m probably represents a good rule of thumb.

We consider that the optimal approach is to sample
sediment according to the scale of the trend to be
highlighted, according to the signal theory as expressed
by Mc Laren et al. (2007), keeping in mind the
operator's experience. At least, it is important to
consider the cost of data acquisition, because the STA
approach was initially promoted as having a low cost
with respect to the required objectives. According to the
principle of the method, the sampling scheme should be
designed to ensure that neighbouring sites encompass all
possible sediment transport directions. In the 2D point-
to-point method, as a result of using a random grid, there
could be no sampling sites in certain directions. On the
contrary, some directions may contain more sampling
sites than others. In a reply to the critical comments of
Le Roux (1994b), Gao and Collins (1994b) emphasised
the importance of the general residual trend pattern, i.e.
the transport vector at any given site cannot be
considered as pointing towards the exact transport
direction. The use of a regular grid is widely
recommended (Asselman, 1999; Le Roux, 1994b;
Poizot et al., 2006) because it avoids the creation of
erratic vectors and the simpler grid design minimizes
edge effects. Cheng et al. (2004) discussed the relative
advantages of triangular and square grids. They
concluded that square grids seemed to be better because
they could test for more possible transport directions.

In fact, despite the advantages of regular grid sampling,
researchers very often have to work with more or less
irregular grids. To alleviate this problem, appropriate
software can be used to generate a regular grid by
interpolation of the initial irregular grid. This transforma-
tion was carried out by Asselman (1999) to enable a raster
approach, while Friend et al. (2006), Lucio et al. (2006)
and Poizot et al. (2006) applied it to study areas of very
complex shape. Even if this operation may create a slight
distortion of the original data, the advantages of this
approach need to be carefully considered. The Le Roux
method corrects for irregular grids, so the results are not
affected by this problem.
3.5. Sampling duration

To carry out a STA approach, it is necessary to study
samples made up of grains reflecting the real hydrody-
namic situation (i.e., sedimentary equilibrium as defined
by Dott, 1988). In other cases, the grains will merely
reflect the stage of sorting they happen to have reached
(Hartmann, 2007). In such a case, any direct conclusion
from the STA results would be erroneous. Since
different environments and dynamic sedimentary sys-
tems need different time spans to achieve equilibrium,
the sample operation must take into account the whole
period required for the hydrodynamic processes to have
an effect on sediment transport. If the duration of the
sampling campaign is longer than the fastest sedimen-
tological process (tidal current, storm event, etc.), noise
can be introduced and the samples will no longer be
associated with a net sediment transport pattern. In
extreme cases, no sediment trend can be defined even if
sediment transport takes place.

3.6. Sample analysis

3.6.1. Introduction
The quality of the data set is a common point in all

the methods considered here, and applies more
generally to all sedimentological studies. Resolution
and precision are continually being upgraded, spurred
on by the development of technology and computers
(both hardware and software). Nowadays, the key
component of data quality is fidelity.

Whatever the particle-size analysis used, the main
problem is the step before analysis i.e. pre-treatment of
the sample. An appropriate pre-treatment technique
must be chosen according to the objective of the study.
For Matthews (1991), strikingly anomalous results may
arise from an inappropriate choice of pre-treatment.

The shapes and statistical parameters of frequency
distributions depend on the grain-size analysis method
used. Each measurement technique produces a different
result because it is measuring a different dimension of the
sedimentary particles (max. length, min. length, volume,
surface area, weight, etc.). Many different relationships
have been propose to transform data obtained by one
method so it is it consistent with another (Austin and
Shah, 1983; McCave et al., 1986; Singer et al., 1988;
Baudet and Rona 1990; Agrawal et al., 1991; Syvitski
et al., 1991; Weber et al., 1991; Shillabeer et al., 1992;
Loizeau et al., 1994; Buurman et al., 1997b; Cramp et al.,
1997; Konert and Vandenberghe, 1997; Beuselinck
et al., 1998; Molinaroli et al., 2000; Wen et al., 2002;
Eshel et al., 2004). However, the great variety of
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standardization procedures gives rise to “noise” that
casts doubt on any comparisons.

The application of each granulometric method is
limited to a particular range of size classes. This implies
dividing the sample into two granulometric fractions,
i.e. coarse and fine-grained, with a boundary often
located at 63 μm. So, for a complete granulometric
analysis, two different methods need to be used. The
fine-grained fraction can then be analysed using the
pipette method, hydrometer or X-ray diffractometry,
while the sieving method is used for the coarse fraction.
These different methods can be combined to obtain an
analysis of all the sediment fractions, thus producing a
unified dataset. Since two different physical sediment
properties are measured, such a data set must be
considered with a great prudence.

Although sieves are still very commonly used, other
methods, such as laser diffractometry or the settling
tube, are increasingly applied to analyse the whole range
of the granulometric distribution. These methods are
discussed further below.

A large number of studies have been published on the
comparison of granulometric data sets obtained by
different methods. No simple mathematical relationship,
even linear, has been established for the entire
granulometric distribution (see for example: Cooper
et al., 1984; McCave et al., 1986; Baudet et al., 1988;
Singer et al., 1988; Baudet and Rona, 1990; Syvitski
et al., 1991; Baudet et al., 1993; Loizeau et al., 1994;
Witt and Röthele, 1996; Buurman et al., 1997a; Muggler
et al., 1997; Murphy and Zhu, 1997; Beuselinck et al.,
1998; Murray, 2002; Campbell, 2003; Xu and Di Guida,
2003). It appears to be a mistake to consider that the
specific granulometric method employed is of minor
importance in the determination of grain-size para-
meters, because trends are defined by the relative values
between data stations.

3.6.2. Sieving
Sieving was undoubtedly one of the earliest techni-

ques developed for the analysis of silt and sand-sized
particles, and for separating the sand and mud fraction
(Sengupta and Veenstra, 1968). The “sieve diameter” of
a particle is taken to be the same as its “nominal
diameter”, defined by Wadell (1932a,b, 1933) as the
diameter of a sphere having the same volume as the
particle. The sieving technique is liable to a number of
operational defects and is also particularly affected by
variations of grain shape (Sengupta and Veenstra, 1968;
Eshel et al., 2004). As a rule, the non-sphericity of soil
particles implies that the sieve will retain a grain-size
population that is coarser than the apparent diameter
corresponding to the sieve mesh size (Matthews, 1991).
For Konert and Vandenberghe (1997), the results of sieve
analysis are also affected by the method of calibration of
the sieves, the chemical and mechanical stability, as well
as the homogeneity of density and porosity. When wet
sieving is used to determine the fine-fraction percentage
of a sample (for example, N50 μm, 63 μm), the clay and
silt fraction are overestimated at the expense of the sand
fraction. At the very least, sieving is time-consuming and
highly dependent on the laboratory technique and
operator error (Syvitski et al., 1991). Moreover, a large
amount of material (at least 50 g) is required (Beuselinck
et al., 1998).

Such drawbacks imply that sieving cannot produce a
true measure of the grain-size of a natural sample when
it contains grains of varied shapes and densities. As
these latter parameters interact with transport processes
in determining the hydraulically equivalent diameters,
the results of sieve analysis must be considered with
caution when used in a hydrodynamic context such as
Sediment Trend Analysis (Flemming, 2004). Despite all
these drawbacks, sieving has long been the main
technique used to analyse the sand and gravels fractions
of studied samples. As a consequence, almost all studies
based on Sediment Trend Analysis used sieve data
obtained with a 0.5 or 0.25 phi interval. For Bartholomä
and Flemming (2004), the size-sorting trend based on an
interval of 0.25 phi may not be clearly defined because
the distribution curves show excessive noise. Thus, to
determine the tails of the distribution clearly, it would
seem necessary to use a 0.1 phi interval. Granulometric
methods providing such a data set are recommended for
Sediment Trend Analysis.

3.6.3. Laser diffractometry
The laser diffraction method began to be implemen-

ted in the late 1970s (Weiss and Frock, 1976;
Swithenbank et al., 1977). Detailed reviews of this
method are presented by many authors such as McCave
et al. (1986), De Boer et al. (1987), Singer et al. (1988),
Wen et al. (2002), so they will not be reviewed further
here.

Most studies based on laser granulometry consider
that laser diffractometers are generally unable to take
proper account of the very fine fraction and the varied
mineralogical composition of the analysed sediment
(Murray, 2002; Campbell, 2003; Wedd, 2003; Xu and
Di Guida, 2003). Furthermore, despite the publication of
a standard (ISO 13320-1, 1999), this technique has
already been considered in terms of using Mie or
Fraunhoffer theory to transform the optical data into
granulometric data (Coulter Corporation, 1994).
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Classically, Mie theory is used for particles finer than
0.7 μm, while the new ISO standard states that the
Fraunhofer approach can still be used for the measure-
ment of particles coarser than 50 μm. However, this new
standard recommends the use of Mie theory for particles
finer than 50 μm, thus making it applicable across the
full measurement range (ISO 13320-1, 1999). In fact,
the Mie theory offers an exact solution to the scattering
of light from a homogeneous sphere, but not from an
irregularly shaped particle (Eshel et al., 2004).

Considering these latter observations, we can assume
that, under certain conditions, the use of laser diffrac-
tometry is ill suited for Sediment Trend Analysis. This
technique is not applicable if the very fine fraction is not
considered, despite being present in significant abun-
dance, if the Mie theory is not used or if the sediment is
strongly polymineralic.

3.6.4. Settling tube
The settling tube is another well-defined granulo-

metric method currently used in sedimentological
laboratories (Brezina 1979; Flemming and Thum,
1978; Flemming, 1988; Flemming and Ziegler, 1995).
For correct use of the settling tube, three main problems
must be borne in mind: (1) the conversion of settling
velocity to particle diameter is rather complex due to the
lack of a standard procedure (Brezina, 1979; Baba and
Komar, 1981; Komar and Cui, 1984); (2) the use of
settling tubes must also take into account many potential
design problems (Syvitski et al., 1991); and (3) the
transformation of data from psi units into phi units is
responsible for drastic modifications of the granulo-
metric curve. For Flemming (2004, 2007), “the
particular shapes of distribution curves obtained by the
transformation into phi units have nothing to do with
sediment transport or the size-sorting process”.

Nevertheless, because particle mobility is dependent
on both shear velocity and settling velocity, the sedi-
mentation diameter distribution is more appropriate than
the sieve-determined size distribution (Middleton, 1976;
Bridge, 1981). Since they yield results in terms of hy-
draulic size equivalence, settling tubes seem to be the
best method to obtain data for use in Sediment Trend
Analysis (Le Roux, 2005; Bartholomä and Flemming,
2007; Flemming, 2007).

3.6.5. Determination of granulometric parameters
Sediment mixing is omnipresent in nature (Folk and

Ward, 1957). The computation of textural parameters
from bi- or multimodal size distributions produces
spurious results (Flemming, 2007). For this author,
meaningful results can only be obtained by the
decomposition of such distributions into individual
populations. Therefore, most of the studies based on
the STA procedure do not take into account the mixing of
different size populations. From the principle of the
method, it is assumed that mean grain size, sorting and
skewness are of equal importance in defining the trends.
Two methods are classically applied: the graphical
method proposed by Folk and Ward (1957) and the
moment method (Seward-Thomson and Hails, 1973;
Friedman and Johnson, 1982). This latter method
requires an analysis of the entire granulometric distribu-
tion, which is not always the case with laser diffractom-
etry or the settling tube. Whatever the method, the three
parameters are obtained by an analysis related to and not
based on the log-normal model (Bartholdy et al., 2004).
Themean grain size and sorting define an equivalent log-
normal distribution, while skewness describes the
character of the deviation from the log-normal model.

Since the work of Mc Laren and Bowles (1985), it is
accepted that, for a Sediment Trend Analysis, the
diameter of sedimentary particles must be expressed by
a dimensionless quantity based on the Φ transformation
of millimetric data. For these authors, the log-transfor-
mation tends to make grain-size distributions relatively
symmetrical, which is more suitable for the study of
grain-size trends.

In 2001, Hill and Mc Laren pointed out that the
reliability of the granulometric parameter values (mean
grain size, sorting and skewness) is of utmost importance
in Sediment Trend Analysis. Christiansen and Hartmann
(1988a,b), Hartmann (1988), Bartholdy et al. (2004)
have shown that, for unimodal grain-size distributions,
the log-hyperbolic probability function gives the best fit
results, that is, the best statistical description (Bagnold
and Barndorff-Nielsen, 1980; Barndorff-Nielsen and
Christiansen, 1988; Christiansen and Hartmann, 1991,
Hartmann and Christiansen, 1992). However, we should
note that all the studies published so far have used
granulometric parameters obtained by considering an
equivalent log-normal distribution. In 2001, Hill and Mc
Laren compared the performance of two sets of
parameters. The first set was obtained by using a
“model-independent” approach for textural parameters,
while the second set was obtained from a “log-
hyperbolic” estimated curve. For these authors, both
sets of parameter statistics correctly predict the transport
direction with the same efficiency. Hartmann and
Flemming (2002) strongly criticized this result, stressing
that log-hyperbolic probability density functions cannot
produce parameters strictly comparable with the mean,
sorting and skewness obtained either by the moment or
graphical methods.
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Grain-size distributions may be decomposed into
theoretical end-members by parametric curve-fitting
procedures. Whether log-normal or log-hyperbolic,
curve-fitting analysis is based on the assumption that
points not falling on the curve must represent noise. If
these points are not due to noise, the curve-fitting process
removes the signal along with the noise and, accordingly,
more noise will be incorporated in the fitted curve than in
the raw data (Mc Laren et al., 2007). A critical
examination of parametric curve fitting by Weltje and
Prins (2007) shows that using theoretical distributions is
more likely to obscure than reveal the existence of
genetically related grain-size populations in sediments.

At present, the debate is continuing on whether or not
it is necessary to fit the dataset to obtain granulometric
parameters, and on the best mathematical model for
describing grain-size distributions.

4. Model uncertainties

The second type of uncertainty is related to the
implementation of the concepts by the model.

The first problem is to set up a common nomenclature
for Sediment Trend Analysis. Since the method was
developed by several authors, the nomenclature of the
sediment trend cases is not standardized. Moreover, the
nomenclature is subject to change over time even with the
same authors. In Section 4.1, we present a review of the
different nomenclatures and establish a correspondence
between them. The second problem to be addressed is to
consider grain-size trends that are adapted to the studied
sedimentary environments. All the Sediment Trend
Analysis methods (1D, 2D point-to-point and 2D) are
build on a theoretical basis compared with field observa-
tions. Several types of granulometric combinations are
considered to determine the Sediment TrendAnalysis, but
authors disagree about the granulometric parameter trends
that should be taken into account.

In Section 4.2, we discuss the choice of “character-
istic distance”. Gao and Collins (1992) first defined the
concept of characteristic distance. Several studies have
Table 4
Sediment trends considered in the literature. Cases given in italics are possib

References FB− FB+ CB+ lag CB+ de

Mc Laren (1981) Case I Case IIIa Case III
Mc Laren and Bowles (1985) Case B Case C
Mc Laren and Little (1987) Case B Case A Case C
Gao and Collins (1992) Case 1 Case 2
Gao and Collins (1994a) Case III.2 Case III.4 Case III
Le Roux (1994b,c) Type I Type IV Type II
shown that using another distance yields results that are
more in accordance with the sedimentary information
obtained by other approaches (side-scan sonar, radioac-
tive or fluorescent tracers etc.).

In a general case, a Sediment TrendAnalysis performed
on a granulometric dataset enables the calculation of trend
vectors at all sampling locations. However, we may ask
whether these trend vectors are real. To answer this
question, we propose a statistical test. It should be stressed
that this statistical test is not always the same, and can be
intercalated between different steps of the procedure used
to determine trend vectors. The review of the literature
presented in Section 4.3 allows us to assess what test is the
most appropriate and when it needs to be performed.

Smoothing and filtering operations have both been
proposed to separate real trend vectors from noise. Since
many authors consider that such procedures may
produce false results, the smoothing operation is
discussed in Section 4.4. At least, independent of the
sediment trend methods proposed, but more generally
linked with numerical approaches, we focus (Section
4.5) on the edge effect and on its influence on the
determination of sediment trends.

4.1. Some remarks on case notations

4.1.1. Changes in case nomenclature
Since the first studies of Mc Laren (1981), the

identification of the dominant grain-size trends has been
widely modified. Table 4 shows the case designations
proposed by different authors and their correspondence
with the system presented here. These differences in
nomenclature give rise to uncertainties about the real
trend in the studied cases. In their discussion and results,
Friend et al. (2006) cite Case 1 (defined by Mc Laren,
1981) in an example that is nevertheless based on Mc
Laren and Bowles' approach (1985) where Case B and
Case C were initially defined. Even if Case B and Case 1
were both related to an FB− granulometric trend, this
modification of the notation would not contribute to our
understanding of the discussion or results.
le but not adopted by the authors

posit FP− CP+ CB− CB+ and FB− combined

b

.1 Case III.6 Case III.5 Case III.3 Case III.1 and Case III.2
Type III



Table 5
Different conventions used in the formulation of Type 1 and Type 2
cases for Sediment Trend Analysis

Reference Mean grain size Sorting Skewness

Mc Laren and Bowles (1985) b , N b b , N
Gao and Collins (1991) b , N b b , N
Gao and Collins (1992) b , N ≤ ≤ , ≥
Gao and Collins (1994a) ≤ , ≥ ≤ ≤ , ≥
Gao (1996) ≤ , ≥ ≤ ≤ , ≥
Gao and Collins (2001) b , N b b , N
Le Roux (1994b,c) b , N b b , N
Le Roux and Rojas (2004) b , N b b , N
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Proposal. To simplify and achieve a better grasp of the
method, we propose to use a more robust and concrete
designation, i.e. CB+, FB−, etc., which is compatible
with the underlying sedimentological features.

4.1.2. Changes of the sorting coefficient identifier
Most sedimentologists used to prefer the term

“Sorting coefficient”, even if it is better to use the
more common statistical term of “variance” to ensure a
better understanding with scientists in other disciplines.
Because of the phi transformation, the grain-size
parameters are dimensionless. For sedimentologists
using the phi notation, it is sufficient to know that
sorting is a function of the second moment. As the Le
Roux method normalizes all the grain-size parameters
before computing the trends, it does not matter whether
σ or σ2 is used. However, the impact of using σ or σ2 is
not exactly the same when performing STA approaches
other than the Le Roux method, using metric notation or
calculating the sedimentological parameters by a
graphical approach. In publications based on the STA
approach, the sorting coefficient is identified either as σ
or σ2, depending on the authors. Although both
coefficients are referred to as sorting, they do not
correspond to the same value when expressed specifi-
cally in terms of units. σ is the standard deviation
expressed in the same units as the mean, while σ2 is the
variance (square of σ) expressed in squared units of the
mean. Initially, Mc Laren (1981) used the variance (σ2)
for the sorting coefficient and called it “variance”. Gao
and Collins (1991) also used σ2, but called it the
“sorting coefficient”. The same authors (Gao and
Collins (1994a) used σ instead of σ2 to define the
“sorting coefficient”. Le Roux (1994b,c) used σ2 to
express the sorting coefficient, but did not call it
variance. Subsequently, Le Roux and Rojas (2004)
changed the notation and used σ as the sorting
coefficient. The results remain unaffected by the choice
of whether to use variance or standard deviation as the
sorting coefficient, since both behave in the same way,
i.e. when σ decreases, σ2 decreases as well. Therefore,
these two coefficients do not have the same dimensions.
The changes in notation between different authors, and
worse, between different studies by the same authors, do
not facilitate understanding of the method.

Proposal. To make the STA approach compatible with
the QA procedure defined by Hartmann (2007) (i.e.
operationalism and value chain), we need to develop a
unified and standardized notation. In his initial paper,
Mc Laren (1981) used the variance, σ2, to denote the
sorting coefficient, so the same convention should be
followed in all studies referring to or based on his
method.

4.1.3. Changes of convention in case formulation
As noted by Le Roux (1994b), Gao and Collins

(1992) improved the method of Mc Laren and Bowles
(1985) by using slightly modified versions of Type 1
and Type 2 trends to define a grid of trend vectors. The
main difference concerns the symbol convention used
(Table 5) to compare mean, sorting and skewness of
points A and B.

These points represent the locations of the sampling
sites, where B is located farther away from A along the
direction of transport.

Similar modifications can be noticed by comparing
the different publications of Gao and Collins between
1991 and 2001. Le Roux (1994b,c) and Le Roux and
Rojas (2004) used the same conventions as Mc Laren
and Bowles (1985) and Gao and Collins (1991). This is
more than just a lack of consistency, because such
changes in the notation can lead to different results for
the same dataset.

Proposal. As the QA procedure would require consid-
ering every element of the STA method, we need a strict
definition of the convention to be used.While, in reality, it
is rare to find equality of the parameters at different
adjacent sites, defining a sediment parameter as finer or
coarser make sense only if the considered parameter is
strictly lower or higher. Equality cannot lead to the
definition of a variation.We propose to use the notation of
Mc Laren and Bowles (1985), which rules out transport
paths when two compared parameters are equal.
4.2. Regular versus irregular distribution of samples

As noticed by Le Roux (1994a,b), sampling sites are
rarely located on a regular grid pattern (same distance
between sampling stations). When the sampling scheme



27E. Poizot et al. / Earth-Science Reviews 86 (2008) 15–41
is not regular and shows many discontinuities, edge
effects are very noticeable and become dominant in
some parts of the survey area (Poizot et al., 2006). It is
clear that using a regular grid is a useful way of taking
both of these remarks into account. If an irregular
sampling scheme is used, a regular grid can be created
by interpolation of the dataset. This procedure was used
by Ríos et al. (2003), Friend et al. (2006), Lucio et al.
(2006) and Poizot et al. (2006). However, Le Roux and
Rojas (2007) argue that interpolation alters the original
data distribution and diminishes the reliability of the
method. To take into account this remark, we need to
test statistically for lack of discrepancy between the
original data set and the interpolated values. The use of
such interpolated datasets produces results that are less
sensitive to sampling irregularities (Asselman, 1999)
and thus improves the result of the grain-size trend
analysis (Gao and Collins, 1992).

Despite the use of a regular grid, edge effects can
persist within the intended mapping area. In the present
case, edge effects can affect both the averaging
procedure and the definition of the trend vectors. For a
site at the centre of a grid, trend vectors are calculated
with more sites, lying within a defined characteristic
distance, than sites on the edges of the grid (Gao and
Collins, 1994a,b). This effect is increased at the corners
of the grid. Such effects are likely to introduce some
distortions, so sediment trend vectors along the edges of
the sampling grid should be applied with caution in the
final interpretation. Rivers and others areas character-
ized by a strongly elongated shape (i.e. where one edge
is several orders of magnitude longer than the other)
should be studied with prudence, using 2D approaches
in accordance with the scale of spatial sampling.

Proposal. Computation of field vectors must be
performed on a regular grid of the sampling area.
Mitigation of edge effects can be performed by means of
several techniques (Davis, 1986):

– by expanding the studied area beyond the mapping
area and using data points from outside, the edge
effects are also moved outside the mapping area;

– by using a set of pseudodata points alongside but just
off the outcrop line. The use of pseudodata points
near the outcrop provide additional control points for
the vector determination.

These approaches are commonly used in image
processing but never in STA. Extra data points have to
be extrapolated from the original dataset through a
geostatistical method taking into account the spatial
structure of the regionalized variable. In this way, edge
effects will be supported by the extra dataset, reducing
the effect on the original dataset. At the end of the
procedure, extrapolated points should be removed and,
thus, not considered within the set of results.

Use of interpolated data implies testing their validity
through a statistical test before further analysis.

4.3. Choice of the characteristic distance

In the third step of two-dimensional approaches,
including the point-to-point method, the grain-size
parameters of each sampling station are compared with
those of the neighbouring stations. To identify a
neighbouring station, Gao and Collins (1992) specified
a characteristic distance, which they denoted as Dcr. This
distance appears to be a key parameter for the
computation of trend vectors. It is defined as the spatial
scale of sampling that can be considered as the maximum
sampling interval (Gao, 1996; Gao and Collins, 2001; Le
Roux and Rojas, 2004, Duc et al., 2007). Otherwise, it
can be defined as the average distance from all
neighbouring samples (Vinther et al., 2004) or the
diagonal of the grid mesh (Pedreros et al., 1996).

The choice of the Dcr parameter depends on the
sampling interval, which itself results from previous
knowledge about environmental factors (sediment
sources, sediment type, hydrodynamics, etc.) over the
studied area. When such information is not available, or
the sampling interval is not compatible with the studied
environment, it is not possible to apply a definition of the
characteristic distance. Some authors have proposed
alternative choices for the characteristic distance.
According to Le Roux (1994b), comparing the grain-
size parameters of only two sampling stations at a time
gives a low probability of identifying the actual transport
direction. To calculate the magnitude and direction of the
mean transport vector, Le Roux (1994a,b) compared the
textural attributes of five neighbouring sampling stations
(one central and four satellites). For Stevens et al. (1996),
the optimal characteristic distance is also a function of
sedimentological conditions, and should be determined
as a function of both depositional mechanisms and
sediment characteristics. Ehrhold (1999) combined the
use of a 2DH numerical model with a pattern of sediment
bedload transport based on the analysis of side-scan
imagery. These data were compared with the results
obtained by applying Gao and Collins' method within a
dense network of sediment grab samples.

In the case of a study area such as the Baie deMont-St-
Michel (Northwest France), it is not possible to use the
Dcr as defined by Gao and Collins (1991), Gao and
Collins (1992), and Gao et al. (1994), so the best results
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are obtained by using a distance (calledDcl) that can be up
to 50% higher than Dcr. Hence, the value of this distance
depends on the sedimentary environments and hydrody-
namic conditions (Ehrhold, 1999). Asselman (1999)
developed a GIS-based approach to reduce the uncertain-
ties associated with non-optimal sampling intervals
and make the analysis less sensitive to irregularities in
sampling configuration. However, the GIS-based method
not only takes the nearest samples into account, but also
considers more samples within a certain range. This range
is determined by semi-variogram analysis (Gringarten
and Deutsch, 2001). An analysis of the different
parameters of the semi-variogram allows us to determine
whether a spatial correlation exists between the samples in
question, and if so, whether a sediment trend can be
validated. Poizot et al. (2006) used a geostatistical
approach to define the characteristic distance based on a
variogram approach as defined byMatheron (1965). This
distance, called Dg, is defined taking into account the
spatial structure of the granulometric data, based on the
underlying physical mechanisms responsible for the
sediment distribution.

Proposal. It appears necessary to consider the charac-
teristic distance as a function of the geological features
rather than a parameter depending on the spatial
sampling scale, which is often subject to economic
considerations. The geostatistical distance as defined by
Poizot et al. (2006) should be used.
4.4. Data smoothing

For the treatment of two-dimensional data, Gao and
Collins (1991) suggested a procedure to remove the
“noise” in the data. Noise is defined as vectors that are
not in agreement with the general pattern (Gao et al.,
1994). This smoothing operation is performed by
averaging the vectors of a particular sampling site with
those at adjoining sites, to obtain the “residual”
distribution of the vectors and thus determine the most
probable net sediment transport pattern. Le Roux
(1994a) objected that this smoothing operation pro-
duced results depending largely on the relative distri-
bution of sampling sites. Applying Gao and Collins'
(1991, 1992) method to a set of random data, Le Roux
et al. (2002) concluded that the smoothing technique
employed by Gao and Collins (1992) can produce
statistically valid “trends” even where no trends exist.
The problem is exacerbated along the fringes of the
study area, where neighbouring stations are commonly
restricted to one side of the relevant sampling site.
Le Roux and Rojas (2004) proposed to replace the
smoothing vector operation by a new approach as-
suming that transport takes place through a group of five
stations. A recent study (Poizot et al., 2006) based on the
point-to-point 2D method is directed to this end. After
the smoothing step, new vectors will fill “holes”
indicating there is no discernible sediment transport in
certain areas. The smoothing operation can then produce
new vectors that are spurious. According to Le Roux
et al. (2002), Le Roux and Rojas (2004) and Poizot et al.
(2006), the smoothing technique carried out on non-
statistically valid “trends” by Gao and Collins (1991,
1992) may not yield meaningful results in spite of the
well-defined trends displayed. It seems clear that
smoothing should only be carried out if the statistical
validity of the unsmoothed vectors has already been
established. Thus, all studies based on the strict Gao and
Collins' method must be considered with great caution.

Proposal. The purpose of filtering is often considered
to make the patterns clearer or “easy to recognize”. In
cases where the Dcr distance has been used to compute
the vector field, the smoothing operation can only be
applied if the vector field satisfies the statistical test for
validation (see Section 4.4). The best method is
proposed by Lucio et al. (2006), who use a geostatistical
approach to interpolate the vector azimuth. If the Dg
distance has been used, no smoothing should be carried
out.

4.5. Analysis of the significance of results

The final step concerns the analysis of the signifi-
cance of the results. To determine the significance of the
trend vectors, we need to apply a “significance test”
method at a certain level of confidence. The one-
dimensional approach (Mc Laren method) initially made
use of a Z-score technique (Spiegel, 1961) to determine
the most probable transport directions. Mc Laren et al.
(1993) used a complementary R2 test, which is a
multiple correlation coefficient defining the relation-
ships between the granulometric parameters of each
sample contained in the sequence. All studies based on
the one-dimensional method used the Z-score test
(Mc Laren and Little, 1987; Masselink, 1992;
Mc Laren et al., 1993; Mohd-Lokman et al., 1998;
Wu and Shen, 1999). Lucio et al. (2002) replaced the Z-
score by a new test called the Structural Exact Test
(SET) and a PCA approach used to check the degree of
influence of each parameter for the tendency detected by
the SET analysis. In the two-dimensional point-to-point
approach, Gao and Collins (1992) proposed an alterna-
tive of the Z-score test. This test procedure is based on
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the assumption that all trend vectors not associated with
net transport have the same probability of being in any
given direction. It uses the average length of the transport
vectors (L) as a criterion. As a first approach, Le Roux
(1994a,b) used the Gao and Collins (1991) test to define
and examine the degree of order of a residual transport
pattern. Later, Le Roux et al. (2002) proposed using the
Watson non-parametric test (Watson, 1966). According
to Gao and Collins (1991), the statistical test can be
performed at different stages during the computation
procedure, i.e. between he definition of trend vectors at
each sample location and the averaging operation, or at
the end, after the smoothing operation. But in their study
published in 1992, which is the most frequently cited
paper in Sediment Trend Analysis, Gao and Collins
placed the significance test at the end of the procedure.
Le Roux et al. (2002) showed that smoothing should
only be applied if the statistical validity of the
unsmoothed vectors was already established. This
implies that the statistical test must be carried out before
the smoothing operation.

Proposal. Since the field vector distribution is not
always assumed to follow a normal distribution, a non-
parametric test should be employed (i.e. Watson test).
The statistical test can be performed just after the
definition of the trend vectors at each sample location. In
this case, noise can be removed, but care must be taken
since the robustness of the test depends on considering a
sufficient number of vectors. The statistical test can also
be performed at the end of the vector field computation.
The results of the tests should to be interpreted with
care, especially in complex natural areas. Indeed, the
statistical test does not take account of the spatial
dimension, so complex areas displaying a coherent
Table 6
Main published or available software for performing STA analysis. Note tha
(2002) are different, even though both applications are called TRANSVEC

Software name Language Applied

KAILASH.BAS BASIC 1D
Spreadsheet LOTUS 1-2-3 2D
DERSEDI© 2.0 PASCAL 2D poin
GSTA FORTRAN 2D poin
TRANSVEC PASCAL 2D poin
PC-Raster based Not cited 2D poin
Not cited DOS 2D poin
GSTAST FORTRAN 2D poin
TRANSVEC EXCEL-VBA 2D
Not cited TURBO PASCAL 2D poin
FLUESEDISH Not cited 2D poin
ECeSedtrend C++ 2D poin
vector field, proven by other investigation methods,
could be rejected by the statistical test. On this basis, we
need to propose a statistical test that is able to take into
account the spatial dimension of the analysed data. This
may explain the discrepancies between the recommen-
dations of the pioneers of the STA method and
published studies in which the results of the statistical
test are omitted.

4.6. Software used for computation of sediment trends

With the increase in computing power over the last
20 to 30 years, there has been a rapid advance in
computer applications for Sediment Trend Analysis.
This has led to the successive implementation of more
and more complex approaches (from 1D to 2D). At the
same time, programming languages and development
environments have evolved both in their capabilities and
complexity. This has generated the creation of a set of
tools (Table 6) based on integrated development
environments, such as LOTUS 1-2-3, Excel or Geo-
graphic Information System software. Among these
tools, some of them are published and available for
research. Other tools were specially developed by
authors for their own studies and are not freely available.
In this review, we do not consider commercial software
such as STA®, which is developed and marketed by a
private company.

A number of these tools are no longer usable. Some
are based on old operating systems or old versions of
integrated development environments. In the best cases,
these software need to be partly rewritten to fit current
computer systems.

Drawbacks can be identified in the most commonly
used software, i.e. GSTA (Gao, 1996) and GSTAST
t the software proposed by Pedreros et al. (1996) and Le Roux et al.

method Reference

Pandarinath and Narayana (1993)
Le Roux (1994c)

t-to-point Mallet et al. (2000a,b) (SHOM property)
t-to-point Gao (1996)
t-to-point Pedreros et al. (1996)
t-to-point Asselman (1999)
t-to-point Van Wesenbeck and Lanckneus (2000)
t-to-point Chang et al. (2001)

Le Roux et al. (2002)
t-to-point Duc et al. (2003)
t-to-point Trentesaux (2005) (SHOM property)
t-to point Poizot and Méar (accepted for publication)
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(Chang et al., 2001). Firstly, to define a trend vector, the
latter software uses combined cases FB− and CB+, since
many authors agree that optimal use of the STA
approach requires separate study of the different cases
(see Section 5).

Secondly, as demonstrated by Le Roux et al. (2002)
and Poizot et al. (2006), the filtering technique favoured
by Gao and Collins (1992) and implemented in GSTA
and GSTAT software can produce statistically valid
“trends” even where no trends exist. These highlighted
problems may explain some of the discrepancies
between the results obtained by Sediment Trend
Analysis using GSTA or GSTAST software, when
compared with information from other methods such as
side-scan sonar, bedform analysis, radioactive and
fluorescence tracers, etc. Chang et al. (2001) first
compared vector fields obtained by GSTA (Gao, 1996)
and GSTAST (Chang et al., 2001). As a result, the use of
GSTAST can eliminate some residual vectors when they
are not significant, but no differences are detected
between the directions of the remaining vectors. Veiga
et al. (2005a,b) applied GSTA (Gao, 1996), GSTAT
(Chang et al., 2001) and TRANSVEC (Le Roux et al.,
2002) to the same data set (81 samples). According to
Veiga et al. (2005a,b), the good quality of the result
obtained by GSTAT software is merely linked to the
application of a statistical test at the end of computation.
Therefore, the results presented by Veiga et al. (2005a,b)
show vector fields with their directions varying
drastically as a function of the software used. Such
results imply a somewhat incorrect use of the software.

Considering the above remarks, Poizot and Méar
(accepted for publication) have developed freely
available software, eCSedTrend, which is equipped
with a GUI interface. This software allows, among other
functions, a free choice of the critical distance and trend
case (combined or not with other cases).

Apart from eCSedTrend, it appears that none of the
other available and/or published software offer suffi-
cient flexibility to treat all the cases or combined cases
identified as significant in the literature.

Proposal. To enhance STA applications, we need to use
a software offering greater flexibility (choice of cases,
characteristic distance, etc.), which is upgradeable
(available source code), robust (resistance against possi-
ble user-mishandling or errors in the computer environ-
ment) and comprises an intuitive user interface. Up to the
present, only one software matches these requirements
(Poizot and Méar, accepted for publication). At least, to
improve the quality of the study, it would be necessary to
cite the software used for Sediment Trend Analysis.
5. Which sediment trends should be considered?

In the Mc Laren method (1D), it is assumed that in the
transport direction only certain types of trends can occur,
and the others do not occur. But in Gao–Collins (2D
point-to-point) method, it is assumed that some types of
trends occur in the transport direction with a higher
frequency of occurrence than in any other directions. Le
Roux (2D) has adopted this assumption, but argues that in
addition to the trends identified byGao et al. (1994), some
of the other cases can be also used alone or combined.
Mc Laren et al. (2007) argues that using FB− and CB+
combined cases, the result of a trend analysis could be
undertaken entirely on the basis of sorting, with the other
two variables becoming superfluous.

5.1. Which sediment trends should we use?

Nowadays, there are sufficiently numerous studies
allowing us to summarize the efficiency of sediment
trends analysis. Before accepting the results of a Sediment
Trend Analysis, we need to explain it in terms of hydro-
dynamic forcing. Thus, in this review, we only consider
studies where the results are compared with data obtained
by other methods such as side-scan sonar, tracers and
bedform analysis, as well the literature about physical
processes. To improve the quality of the analysis, we also
take into account the investigated environments, and the
studies are considered as a function of the method used.
The authors of the studies reviewed here generally
provide an assessment of the level of agreement with
results obtained by other methods (good, null or
relative). It is very difficult to take this information
into account in a general approach because the level of
agreement is not given as a strictly determined result. For
some authors, the agreement is taken asmerely “relative”
even if both cases CB+ and FB− correspond to observed
sediment trends, while other authors still consider the
agreement as good when either one of the cases yields an
invalid result.

5.2. 1D method

Mc Laren et al. (1993) used commercial software that
is not available. In other studies, the software is either
not documented (see for example: Lanckneus et al.,
1992; Van de Kreeke and Robaczewska, 1993;
Aldridge, 1997; Wu and Shen, 1999; Duck et al.,
2001; Hill and Mc Laren, 2001; Liu et al., 2002; Ríos
et al., 2002, 2003; Liu et al., 2004) or not available
(Pandarinath and Narayana, 1993). This lack of
information may be considered as a drawback, since
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no data test was used to demonstrate the efficiency of the
software. In principle, the 1D method is unidirectional,
so studies based on longitudinal environments are
presented in Table 7. Studies on more complex
environments are summarized in Table 8.

5.2.1. Longitudinal environments
Rivers, beaches and sandbanks are considered here as

longitudinal environments. In a first approach, both cases
FB− and CB+ generally agree with the trends determined
by others field or laboratory methods. According to the
studies reviewed here (Table 7), the 1Dmethod appears to
give contrasted results (2 good, 2 relative and 2 null).
While Masselink (1992) concluded that the 1D method
was of limited interest, this criticism was effectively
refuted by Mc Laren (1993). It is noteworthy that
Lanckneus et al. (1992) concluded that only case FB+ is
significant, even though Mc Laren and Bowles (1985)
considered that this case cannot be observed.

5.2.2. Complex environments
Despite the fact that 1D method was first developed to

study longitudinal environments, it has nevertheless been
applied tomany complex environments. Estuaries,marine
bays, fjords and harbours are the main types of studied
complex environments. The results of 11 Sediment Trend
Analyses are summarized in Table 8 (5 good, 6 relative).

Significant cases could not be extracted from the
study of Van de Kreeke and Robaczewska (1993). Some
Table 7
Studies based on 1D method. Only longitudinal environments are considere

References Studied
environment

Method

Analysed cases

Software used

Masselink (1992) Beach Mc Laren and Bowles (1985)
Separate cases FB− and CB+
Not cited

Lanckneus et al.
(1992)

Sandbank Mc Laren (1981); Mc Laren and
Bowles (1985)
Separate cases FB−, CB+ and FB+
Not cited

Liu et al. (2004) River Mc Laren and Bowles (1985)
Separate cases FB− and CB+
Not cited

Pandarinath and
Narayana (1993)

Beach Mc Laren and Bowles (1985)
Separate cases FB− and CB+
KAILASH.BAS

Hill and Mc Laren
(2001)

River Mc Laren and Bowles (1985)
Separate cases FB− and CB+
Not cited

Hill and Mc Laren
(2001)

Beach Mc Laren and Bowles (1985)
Separate cases FB− and CB+
Not cited
authors find a good agreement between the STA method
and the results obtained from other approaches for only
one case (CB+ or FB−), whereas relative agreements are
foundwith both cases. It appears that the FB− trend gives
a slightly better (8/10) result than the CB+ trend (5/10).

5.3. 2D point-to-point method

In the following, we do not include studies based on
the use of GSTA and GSTAT software (cf. Section 4.6).
So, despite the greater number of studies actually
performed, we only consider ten studies. As with the 1D
approach, many studies do not stipulate the software
used to determine sediment trends, so it is not possible to
determine the confidence level of such studies (Table 9).

It is difficult to summarize the studies based on the
2D point-to-point method because of the numerous
simple cases as well as combined cases. Only separate
cases (CB+ and FB−) should be considered in the 2D
point-to-point approach (Gao and Collins, 1991).
According to Gao and Collins (1992, 1994a), however,
the combined (or mixed) case CB+ and FB− shows a
better efficiency. Some authors based their studies on
Gao and Collins (1992), but used other single cases or
mixed cases (see Table 9). To evaluate the results
obtained by the 2D point-to-point approach, we only
consider six studies based on the combined case CB+
and FB−. These studies deal with different environ-
ments such as continental shelf, sandbank, beach and
d. This table summarizes the information given by the cited authors

Valid trends Comparison with other data Agreement

None Previous studies Null

FB+ Bedform analysis Null

CB+, FB− EOF analysis (empirical
orthogonal function)

Relative

CB+, FB− Current pattern and radioactive tracer
technique (previous studies)

Relative

FB− Log-hyperbolic distribution by
program HYP

Good

CB+, FB− Log-hyperbolic distribution by
HYP program

Good



Table 8
Studies based on 1D method. Complex environments are considered. This table summarizes the information given by the cited authors

References Studied
environment

Method Valid trends Comparison with other data Agreement

Analysed cases

Software used

Duck et al. (2001) Estuary Mc Laren and Bowles (1985) FB− Echo-sounder and side-scan sonar
(analysis of bedforms) and magnetic
susceptibility measurements

Relative
Separate cases FB− and CB+
Not cited

Aldridge (1997) Bay Mc Laren and Bowles (1985) CB+, FB− Hydrodynamic model to predict
tidal asymmetry

Relative
Separate cases FB− and CB+
Not cited

Wu and Shen (1999) Estuary Mc Laren and Bowles (1985) CB+, FB− Data of 16 current meters, and
estuary topography

Relative
Separate cases FB− and CB+
Not cited

Liu et al. (2002) Marine
complex area

Mc Laren and Bowles (1985) CB+, FB− EOF (empirical orthogonal function)
analysis

Relative
Separate cases FB− and CB+
Not cited

Van de Kreeke and
Robaczewska (1993)

Estuary Mc Laren and Bowles (1985) Unknown Long-term mean bed load transport
(from Eulerian current measurements)

Relative
Separate cases FB− and CB+
Not cited

Ríos et al. (2002) Harbour Mc Laren and Bowles (1985) Ambiguous Current measurements and aerial
photographs

Good
Separate cases FB− and CB+
Not cited

Ríos et al. (2003) Harbour Mc Laren and Bowles (1985) CB+, FB− Natural minerals as tracer materials Relative
Separate cases FB− and CB+
Not cited

Hill and Mc Laren
(2001)

Aeolian
deposit

Mc Laren and Bowles (1985) FB− Log-hyperbolic distribution by program
HYP

Good
Separate cases FB− and CB+
Not cited

Hill and Mc Laren
(2001)

Bay Mc Laren and Bowles (1985) FB− Log-hyperbolic distribution by program
HYP

Good
Separate cases FB− and CB+
Not cited

Mc Laren et al. (1993) Estuary Mc Laren and Bowles (1985) CB+, FB− Bed-load transport, suspended sediment
transport. Transport applications
(previous studies)

Good
Separate cases FB− and CB+

Pascoe et al. (2002) Estuary Mc Laren and Bowles (1985) Unknown Physical tidal currents model Good
Separate cases FB− and CB+
Not cited
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harbour. Among these six studies, five show a good
agreement between the results obtained by Sediment
Trends Analysis and other approaches.

5.4. 2D method

There are very few studies based on the 2D method
(Table 10). It is interesting to note that all of them take
into account the mixed cases CB+, FB−, FB+ and FB−
(Carriquiry and Sánchez, 1999, 2001; Ríos et al., 2002,
2003). With this combination of cases, it seems easier to
obtain an agreement between the results given by the
Sediment Trend Analysis and other methods of inves-
tigation. Looking at the separate cases studied (Table 10)
by Ríos et al. (2002, 2003), it is difficult to determine any
level of agreement. In the same study area, Ríos et al.
(2002) initially considered case FB+ as significant,
whereas they later considered case CB+ as significant
(Ríos et al., 2003). For these authors, the latter case was
chosen because it “corresponds more or less to the near-
bottom current pattern observed in the study area”.

5.5. Concluding remarks

Despite the abundant available literature, only very
few studies can be used for a validation of the STA
approach. This is mainly because of the software used.
Most 1D studies are based on commercial software that is
not free. 2D point-to-point studies are often performed
with software that is not designed in accordance with the
published principles (i.e. cases studied). At the very least,
some studies are difficult to assess because there is
confusion between the principles of the references cited
and the studied grain-size variation trends.



Table 9
Studies based on 2D point-to-point method. This table summarizes the information given by the cited authors

References Studied
environment

Method Valid trends Comparison with other data Agreement

Analysed cases

Software used

Van Wesenbeck
and Lanckneus
(2000)

Sandbank Gao and Collins (1991) None Bedform analysis Null
Separate cases FB− and CB+
Not cited

Van Lancker
et al. (2004)

Beach Gao and Collins (1994a) Mixed cases CB+
and FB−

Bedform analysis
(side-scan sonar)

Relative
Combined cases FB− and CB+
Not cited

Mallet et al.
(2000a)

Sandbank Gao and Collins (1992) Mixed cases CB+
and FB

Numeric model SAM-2DH Relative
Combined cases FB− and CB+
DERSEDI

Mallet et al.
(2000b)

Estuary Gao and Collins (1992) Mixed cases CB+
and FB−

Numeric model SAM-2DH Relative
Combined cases FB− and CB+
Not cited

Delgado et al.
(2002)

Beach Gao and Collins (1992) Mixed cases CB+
and FB−

Bathymetry Good
Combined cases FB− and CB+
Not cited

Pedreros et al.
(1996)

Beach Gao and Collins (1994) Mixed cases CB+
and FB−

Topographic survey and
fluorescent tracer detection

Good
Combined cases FB− and CB+
TRANSVEC

Gao et Collins
(1994a)

Harbour Gao and Collins (1994) Mixed cases CB+
and FB−

Bedform analysis
(aerial photographs)

Good
Combined cases FB− and CB+
Not cited

Asselman (1999) River Gao and Collins (1994) FB− Floodplain sedimentation
measurements, suspended
sediment concentration
and model

Good
Separate cases FB− and CB+
GIS-based software

Gao et al. (1994) Sandbank Gao and Collins (1994) B, CB, FB, CB+,
CB, FB+, FB−,
Mixed cases
CB+ and FB−

Bedform analysis
(side-scan sonar)
and current speed data

Good
Separate cases B, P, CB, FB,
CP, FP, CB+, FB−, CB−, FB+,
CP+, FP, CP− and FP+ and
combined cases FB− and CB+
Not cited

Duman et al.
(2006)

Continental
shelf

Gao and Collins (1992) Mixed cases CB+
and FB−

Currents pattern Good
Combined cases FB− and CB+
Not cited
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Despite this “technical” problem, numerous environ-
ments have been studied (beaches, lakes, rivers, harbours,
ria inlets, shelves, estuaries, continental slopes and oceanic
basins, etc.). However, it is impossible to determine which
evolution trend is the most suitable to use. Besides these
reservations, we can make some overall remarks.

1) In complex environments, the 1D method appears to
give results as good as in longitudinal environments.
However, according to several authors (Aldridge,
1997; Liu et al., 2002; Ríos et al., 2002, 2003; Liu
et al., 2004) the 1D method detects sediment trends
only at a global scale, which makes it necessary to use
supplementary methods to detect local and seasonal
trends. Only two-dimensional based methods allow
the recognition of local transport components.
2) Whatever the cases studied, it has been shown that
particular cases can be significantly indicative of a
given sedimentary environment (Lanckneus et al.,
1992; Mohd-Lokman et al., 1998; Ehrhold, 1999;
Wu and Shen, 1999; Van Wesenbeck and Lanckneus,
2000; Le Bot et al., 2001; Lucio et al., 2002).
According to many authors (Pandarinath and Nar-
ayana, 1993; Stevens et al., 1996; Asselman, 1999;
Le Bot et al., 2001; Garnaud, 2003), the variation of
granulometric parameters is controlled by the level of
energy. Hence, this energy of a particular environ-
ment should be taken into account when choosing the
cases to study.

3) According to Mc Laren (1981), CB+ trend may
correspond either to a selective deposition (i.e.
transport) or a lag (i.e. deposit). The choice between



Table 10
Studies based on 2D method. This table summarizes the information given by the cited authors

References Studied
environment

Method Valid trends Comparison with
other data

Agreement

Analysed cases

Software used

Ríos et al. (2002) Harbour Le Roux (1994b) FB+ Current measurements
and aerial photographs

Good
Separate cases CB+, CB−, FB+ and FB−
and Mixed cases CB+, CB, FB+ and FB−
Not cited

Ríos et al. (2003) Harbour Le Roux (1994b) Unknown Natural minerals
as tracer materials

Good
Separate cases CB+, CB−, FB+ and FB−
and mixed cases CB+, CB, FB+, and FB−
Not cited

Carriquiry et al.
(2001)

Gulf Le Roux (1994b) Mixed cases CB+,
CB−, FB+, FB−

Previous studies Good
Mixed cases FB−, CB+, CB− and FB+
Not cited

Carriquiry and
Sánchez (1999)

Delta Le Roux (1994b) Mixed cases CB+,
CB−, FB+, FB

Previous studies Good
Mixed cases FB−, CB+, CB− and FB+
Not cited
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the two cases CB+ lag or CB+ deposit needs a study
of the entire grain-size distribution (Mc Laren and
Bowles, 1985) which is neglected by both 2D point-
to-point and 2D approaches. These latter authors
consider that it may be suspicious to define a net
sediment pathway according to a CB+ trend.

It is often crucial to decide which trend type to use.
Overall, it must be borne in mind that the size-sorting
process does not necessary result in better sorted
sediments with decreasing grain size during the course
of transport (Bartholomä and Flemming, 2007).

According to the same authors, complementary
measurements are required to show whether the grain-
size variability is really associated with a modification
of the hydrodynamic energy or with sediment reworking
processes. If additional information obtained by other
methods is available, we must consider the trend type
that produces the best fit with the observed or inferred
direction (Le Roux and Rojas, 2007). In this case, it is
clear that, if improved methods such as side-scan sonar
or radioactive tracers provide valuable information
about sedimentary dynamics, then the STA approach
is not really useful.

Without complementary data, independently studied
trend types should be chosen on statistical grounds, or,
even better, on a geostatistical basis.

6. Overall conclusion

Although STA appears to be a basic tool in both
academic and applied earth sciences and engineering,
there is still no standardized method. This is not
surprising, since the same problem has already been
highlighted by Hartmann (2007) in particle-size analysis
(PSA), which is a more fundamental and better
documented approach. So, despite the numerous studies
and irrespective of the approach considered, STA is not
yet a mature method. Being a new method compared to
PSA, it is clear that the development of STA has been
hindered by numerous critical comments and replies in
the literature, as well as the aggressive manner adopted
by some scientists in dismissing methods proposed by
other workers. The original promoters of the method
(Gao and Collins, 2001; Le Roux and Rojas, 2007;
Mc Laren et al., 2007) have already carried out further
developments along promising lines. Our paper does not
aim to propose a solution to each highlighted problem,
as some of these issues are still under discussion by
specialist teams (see Hartmann and Flemming, 2004;
2007). It is clear that granulometric information
obtained from spatially closely associated sediment
samples should contain process-related information
(Flemming, 2004). So, to upgrade the STA approach,
we propose adopting a Quality Assurance framework
such as described by Hartmann (2007). Even though it
is not yet mature, the STA approach could become
increasingly self-sufficient if used in a quality assurance
framework. In this way, STA results could be compared
with the results of other methods, while keeping the
same degree of flexibility.

In this context, we give some reminders of the main
rules of sediment sampling (density, duration and depth)
and laboratory analysis techniques (sieving, laser
diffractometry, settling tube, etc.). In the second part,
we focus on the theoretical aspects and practical
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applications of the STA method. The STA method can
no longer be based solely on the initial studies
(Mc Laren, 1981; Mc Laren and Bowles, 1985; Gao
and Collins, 1992, 1994a; Le Roux, 1994b), but should
take account of results from supplementary approaches,
as well as the results obtained in identical environmental
contexts. Since the early 1980s, this method has evolved
from 1D to a fully 2D approach of great interest to
researchers and engineers. While no single method
appears to be more suitable than another, the 2D point-
to-point approach is nowadays the most used in
Fig. 5. Workflow diagram for the different methods (1D, 2D point-to-point
dotted lines link the different steps of the 1D method (Mc Laren, 1981). Dotte
1994a). This latter method has been modified, so the regular grid step (2) is no
through the statistical test in GSTAST software (Chang et al., 2001), but is no
the 2D method (Le Roux, 1994b). For this method, note that a filtering (1) op
Solid lines join up steps of the 2D point-to-point method as defined by Poizot
Collins (doted lines) are the production of a regular grid of samples (regular
research. For each step of this approach, we therefore
propose a series of recommendations for a best practice:

Use a regular sampling grid.
Consider the edge effect.
Use notation with CB+, FB−, etc.
Use the variance, σ2, as the sorting coefficient.
Study only separate case.
Use only the b and N symbols.
Use a critical distance defined through a geostatistical

analysis.
or 2D) to obtain a vector field using Sediment Trend Analysis. Dash-
d lines link the steps of the 2D point-to-point method (Gao and Collins,
t always implemented by different authors. Filtering step (2) is applied
t performed by GSTA software (Gao, 1996). Dashed lines link steps of
eration may or may not be performed, depending on the user's choice.
et al. (2006). The main differences with the initial approach of Gao and
grid (1)), use of the Dg distance and the choice of case(s) to study.



Fig. 6. STA methods must be considered as integrating both Particle-
Size Analysis (PSA) and geostatistical scientific developments and
both database and geographical information system (GIS) technical
skills.

36 E. Poizot et al. / Earth-Science Reviews 86 (2008) 15–41
No smoothing should be carried out.
Use a statistical non-parametric test.
Cite the software used for Sediment Trend Analysis.

Fig. 5 summarizes, for each approach, the different
steps to obtain a net sediment transport pattern.

For each step with a possible choice, this involves
clearly specifying the choice that is made. Results
should mention, for example, the method used, the
sedimentological trends analysed, the software used and
the results of the statistical tests for final acceptance.

Curiously, the promoters of the STA method argued in
favour of mixing the different approaches to obtain an
optimal result (Le Roux and Rojas, 2007; Mc Laren et al.,
2007 among others). We do not agree with these authors,
because applying combined STA methods together will
lead to loosing some of their main advantages, i.e.
simplicity and cost effectiveness. Even if such an approach
is adopted, there is still a problem (still unsolved) about the
order inwhich themethods should be applied: 2D then 1D,
as suggested by Mc Laren et al. (2007), or combined 2D
approaches as advocated by Le Roux and Rojas (2007).

We prefer to suggest improvements based on:

1) the use of new textural parameters taking account of
both transport and depositional processes, along with
the study of progressively changing curve shapes;

2) the integration of complementary environmental
data (bottom morphology, sediment mixing, cohe-
sion, etc.).

To incorporate these new parameters and data, we need
to use a GIS-based computing environment. This latter
will take into account (1) data integration and manage-
ment (linking STAwith geographical databases); (2) add-
ing spatial dimension analysis (3D, geostatistics, etc.);
and (3) programming capabilities that facilitate further
developments of STA.

On the one hand, the continuous advances in the field
of PSA and geostatistics should contribute to the
scientific development of STA. On the other hand, the
use of databases and GIS should improve the technical
approach, thus facilitating the work of scientists and
opening up the exploration of other avenues of research
(Fig. 6).
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