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ABSTRACT

Espichel-Sines is an embayed coast in SW Portugal, consisting of two capes at both extremities, a tidal inlet and asso-
ciated ebb tidal delta, a barrier spit, sandy beaches, sea cliffs, and a submarine canyon. Beach berm, backshore, near shore 
and inner shelf sediment samples were taken. Samples were analyzed for their grain-size compositions. This study ranks the 
hypothetical sediment sources influences on the sediment distributions in the study area using the multivariate Empirical 
Orthogonal Function (EOF) techniques. Transport pathways in this study were independently identified using the grain size 
trend analysis (GSTA) technique to verify the EOF findings. The results show that the cliff-erosion sediment is composed of 
pebbles and sand and is the most important sediment source for the entire embayment. The sediment at the inlet mouth is a 
mixture of pebbles, sand, silt, and clay, which is a minor sediment source that only has local influence. The overall grain-size 
distributions on the shelf are dominated by the sand except for the high mud content around the tidal delta front in the northern 
embayment. Sediment transport patterns on the inner shelf at the landward and north sides of the canyon head are landward 
and northward along the barrier spit, respectively. On the south side of the canyon head, the prevailing sediment transport is 
seaward. Sediment transport occurs in both directions along the shore.
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1. INTRODUCTION

Each year about 28 Gt of sediment is transported from 
the land into the oceans (Syvitski 2003). Most of the sedi-
ment remains at the river delta or deposited on the conti-
nental shelf and along the coast (Syvitski et al. 2003). Sedi-
ment transport leads to changes in coastal morphodynamics, 
coastline positions and grain-size patterns on the sea floor.

The grain size trend establishes the sediment transport 
pathways (Gao et al. 1994). The geochemical properties 
of sediment, such as the clay minerals, magnetic minerals, 
heavy minerals and particle adsorbed radioactive elements 
and organic substances composition may be used as tracers 
for sediment transport and deposition (Liu et al. 2009; Xu et 
al. 2009; Carvalho et al. 2011; Horng and Huh 2011; Huh 

et al. 2011). Liu et al. (2000, 2002) also used a methodol-
ogy that combines a ‘filtering’ concept and a multivariate 
analysis technique EOF (Empirical Orthogonal Function) 
to verify and distinguish the importance of different hypo-
thetical sources. Because sediment grain-size compositions 
along a transport pathway may result from the mixing of 
different sediment sources and transport processes (Russell 
1939; Swift et al. 1972; Gao et al. 1994), the net sediment 
transport direction is inferred from the spatial changes in 
granulometric parameters (i.e., mean grain-size, sorting, 
and skweness). Many applications were developed based 
on spatial changes in a single granulometric parameter to 
indicate net sediment transport paths (Krumbein 1938; Pet-
tijohn and Ridge 1932; Plumley 1948; Pettijohn et al. 1972; 
McCave 1978). McLaren (1981) was the first to create a 
sediment transport model based on combined granulomet-
ric parameters. His method is an empirical and conceptual 
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model hybrid (Wheater et al. 1993; Poizot and Méar 2008). 
McLaren and Bowles (1985) proposed further development 
on this model. Based on the McLaren model two-dimen-
sional approaches were proposed by Gao et al. (1991) and 
Gao and Collins (1992, 1994) and Le Roux (1994a, b). The 
former proposed trend vectors based on a sampling grid that 
compares each sample with its neighboring samples within 
a characteristic distance. The latter assumes that sediment 
transport takes place across wide unidirectional fronts rather 
than from point to point. Using geostatistical tools Asselman 
(1999) modified the Gao-Collins method and implemented 
a Geographic Information System (GIS) methodology. This 
method employs initially irregularly spaced data set inter-
pretation to produce a regular grid of grain-size parameters 
using a Monte Carlo simulation to carry out a statistical 
test on the trend vectors. Chang et al. (2001) also modified 
the Gao-Collins method using the significance test on the 
trend vector length identified at each sampling site instead 
of the averaged length to avoid identifying trend vectors by 
chance. Poizot et al. (2006) used geostatistical tools to de-
termine the characteristic distance, which is considered sig-
nificant in the Gao-Collins method. The latter definition for 
characteristic distance is more rigorous, taking into account 
the spatial change in the statistical parameters as the relative 
change in the parameter value itself. Poizot and Méar (2010) 
developed new GIS software that accounts for the presence 
of rocky outcrops in calculating the trend vectors.

Grain-size based sediment transport analyses are 
widely used in marine depositional environments. They in-

clude estuaries (Chang et al. 2001), tidal flats (Wang et al. 
2012), beaches (Pedreros et al. 1996), near shore and shore 
face (Liu et al. 2000; Héquette et al. 2008; Plomaritis et al. 
2008), tidal ridges (Gao and Collins 1992; Gao et al. 1994), 
tidal inlets (Liu and Hou 1997), straits and gulf (Cheng et al. 
2004; Ma et al. 2010), submarine canyons (Liu et al. 2002), 
and coastal seas (Shi et al. 2002). However, sandy near 
shore and innershelf environments with high wave energy 
conditions have received little attention.

This study area is an embayed coast partially sheltered 
by a headland from a predominant high-energy wave field. 
Hence, sediment deposition and erosion occur synchro-
nously. The goals of this study are to verify hypothetical 
sediment sources and distinguish their influences within the 
system and independently identify sediment transport path-
ways inferred from the spatial changes in the surficial sedi-
ment grain-size distribution.

2. STUDY AREA

The study area is located between Espichel Cape and 
Sines Cape in SW Portugal (Fig. 1a), facing the Atlantic 
Ocean and extending seaward from the shoreline to a depth of 
90 m (Fig. 1b). A 35-km long mountain belt (Arrábida Moun-
tain), 500 m in elevation, is present in the northern extremity 
(Rebêlo et al. 2009). A barrier spit separates the Sado River 
Estuary from the Atlantic Ocean is sheltered from the NW 
wave energy by the Mountain (Fig. 1b). An ebb-tidal delta is 
well developed on the seaward side of the inlet at Tróia.

(a)

(b)

Fig. 1. Map showing the study area location in Portugal (a); Bathymetric map showing sampling locations in different years (b). Regions 1 and 2 are 
on the ebb-tidal delta and region 3 is located at the delta front near to the northern extremity of the system. The contour intervals of the isobaths on 
the inner shelf are in 10 m and the red line shows the location of closure depth.
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The Tróia-Sines embayed coast (TSEC) back shore is 
delimited by discontinuous dunes, coexisting with cliffs in 
the south. The latter consist of poorly consolidated Plio-Pli-
stocene detrital deposits, eroded by subaerial processes or 
gullying. Cliffs covered by dunes exist in some coastal sec-
tors. The Comporta, Aberta Nova, Santo André, and Ribeira 
de Moinhos beaches are located in front of dunes along 
TSEC (Fig. 1b), whose beach face gradients range from 
0.06 - 0.18 from north to south (Reis and Gama 2010) with 
increasing seasonal volume changes (Gama 2005). A previ-
ous study showed shoreline accretion present in the barrier 
spit section while shoreline retreat is present in some cliff 
sections in the southern part of the system (Marques 1999). 
Dune retreat occurred also at the shoreline between Sines 
Cape and Santo André (Marques 1999). Setúbal canyon is 
located in the northern part of the study area with landward 
terminus at the 60-m isobath and covered by mud (Jouan-
neau et al. 1998; Gama 2005).

Tides in the study area are semi-diurnal with a range 
of 1.5 m (neap) and 3.5 m (spring) (Jouanneau et al. 1998). 
Offshore waves have mean significant wave height (Hs) 
and peak period (Tp) of 1.7 m and 10.8 s, respectively. Ten 
percent of the Hs values are higher than 3 m and 60% of 
the Tp values are between 9 - 13 s. The peak incident wave 
directions are NW (77.3%), W (20%), SW (2.4%), and S 
(0.2%) (Costa et al. 2001; Jacob et al. 2009). The northward 
residual along shore transport rate is 105 m3 year-1 (Gama 
2005). Espichel Cape and Arrábida Mountain partly protect 
the study area. The study area is exposed to swells that come 
from the W and SW (Quevauviller 1987; Gama 2005; Ja-
cob et al. 2009). Storms from the SW are less frequent but 
more energetic than storms from other directions (Costa et 
al. 2001). Based on the wave climate and closure depths 
the seaward limit of significant profile changes (Nicholls 
et al. 1998), from north to south are 4.4 m at Tróia, 7.0 m 
at Comporta, 11.0 m at Aberta Nova, 15 m at Santo André, 
and 15.5 m at Ribeira Moinhos (Gama 2005). The shelf is 
divided into near shore and offshore zones by the closure 
depth (Hallermeier 1981), shown in Fig. 1b with red line.

Sado Estuary is 20 km long and 4 km wide, with an 
average depth of 8 m (Martins et al. 2001). It is a high-
mesotidal environment, in which the tidal amplitude varies 
between 1.3 m during neap and 3.5 m during spring near the 
inlet and increases upstream from the estuary (Freitas et al. 
2008). Tidal flows suspend the sediment inside the estuary 
(Vale et al. 1993) and show high levels of Zn, Cu, and Cd 
(Monteiro et al. 1995).

Two major eddies appear (Martins et al. 2001) seaward 
of the inlet and the typical suspended sediment concentra-
tion is 1.4 - 1.7 mg L-1 (Jouanneau et al. 1998). A 10 - 30 m 
deep-dredged navigational channel extends through the in-
let, incising into the ebb-tidal delta. The channel divides the 
ebb-tidal delta into two sections defined by the 10-m isobath. 
Region 1 (Fig. 1b) extends from the inlet along the shoreline 

to the northern edge of the delta and region 2 extends from 
the inlet opening following the same isobath to the barrier 
spit (Harzen 1998). The area between the 5 - 10 m isobaths 
experiences much stronger surf than other areas (Harzen 
1998). Region 3 (Fig. 1b) is located seaward of region 1 at 
the delta front and is characterized by a steeper slope.

3. DATA ACQUISITION AND ANALYTICAL 
METHODS

3.1 Field Work

The Institute Hydrographic of Portugal sampled sea 
floor sediment on the inner shelf in 1980, 1983, and 1985, 
forming one ensemble data set. The 1980 sampling sites 
were mainly along the inner shelf between 20 - 80 m iso-
baths. The 1983 sampling sites were located in the southern 
part of the inner shelf. The 1985 sampling sites were located 
mainly in the near shore area (Fig. 1). An along shore berm 
and backshore sediment survey at 500-m intervals was con-
ducted during 7 - 10th of December in 1998 (Gama 2005).

3.2 Sample Analyses

Hydrogen peroxide was used to remove shelf sample 
organic matter. Distilled water was used to wash away the 
residue. The offshore gravel, sand, silt and clay samples 
were obtained by wet sieving, using sieves of -2 ø (4 mm) 
and 4 ø (0.0625 mm). Further analysis of each of these frac-
tions was carried out using different methods: (1) Gravel 
fraction: sieving at 1 ø intervals; (2) sand fraction: using 
‘Gibbs type’ settling column at 1/4 ø intervals; and (3) silt-
clay fraction: using pipette at 1 ø intervals (Gama 2005).

Beach samples were analyzed using dry sieving at 1/2 ø 
intervals (Gama 2005). The GRADISTAT program calculat-
ed the granulometric data parameters (Blott and Pye 2001). 
The weight difference after CaCO3 removal by acidic wash-
ing (10% HCl) determined the carbonate content.

3.3 Analytical Methods
3.3.1 Grain Size Trend Analysis (GSTA)
3.3.1.1 McLaren-Bowles Model

Granulometric parameters commonly indicate the sedi-
ment transport direction. According to McLaren and Bowles 
(1985), the net sediment transport direction is inferred when 
the mean grain-size in a sample sequence becomes (1) finer, 
well sorted and more negatively skewed (FB-, low-energy 
transport); or (2) coarser, well sorted and more positively 
skewed (CB+, high-energy transport). Three parameters be-
tween each pair of samples are compared along the tested 
sample sequence. The process obtains the frequencies of 
occurrence for cases FB- and CB+ in either direction. If 
the frequency is higher than the threshold (95% confidence 
level), sediment transport can be accepted to have higher 
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probability to occur along that direction. A Z-score test is 
used to examine whether the trend is statistically significant 
(McLaren and Bowles 1985). The samples along the survey 
line should not be smaller than 8 or 9 for statistical consider-
ations. The model is developed and applied in McLaren and 
Beveridge (2006) and McLaren et al. (2007).

3.3.1.2 Gao-Collins Method

Similar to the McLaren-Bowels model the transport 
vector in the Gao-Collins method is obtained based on gran-
ulometric parameters. Differently, the parameters compari-
sion exists only in neghboring stations identified by a char-
acteristic distance (Dcr), defined by the maximum sampling 
interval. Within the characteristic distance, if either trend 
cases FB- or CB+ is indentified to exist between two adja-
cent sampling sites, a dimensionless trend vector is defined 
whose length is assumed the unit length. A net vector is then 
obtained by summing all of the trend vectors among a par-
ticular site and its adjecent sites. The net vectors from adja-
cent sample sites are vectorially averaged to eliminate noise 
and the residual vectors may indicate the sediment transport 
trend (Gao and Collins 1992, 1994; Gao 1996). The Fortran 
code method is given by Gao (1996). The transport vector 
significance was tested using the modified Fortran code. 
The sediment transport trend significance is tested using the 
grain-size parameters at the orginal sampling stations ran-
domly re-allocated to other stations to produce many em-
pirical data sets to re-calculate the residual vectors accord-
ing to the Gao-Collin method. This action was repeated 99 
times obtaining a series of vectors at each station to provide 
a frequency distribution for the vector lengths. A critical 
length Lx (L95 with a one-tailed 95% confidence interval) 
was then defined and the transport trend deemed significant 
if the vector lengths are greater than Lx (Chang et al. 2001).

3.3.2 EOF Analysis

The sediment grain-size spatial distribution is the result 
of the combined influence of sediment sources and transport 
processes (Liu et al. 2000, 2002). In any marine system the 
interplay among sediment sources and hydrodynamic pro-
cesses on different time and space scales is complex. Since 
the nature of the sediment data is multivariate, showing cor-
relations among the sampling locations (space correlated) and 
different grain-size classes (size correlated), the EOF analysis 
technique was used to separate orthogonal modes contained in 
the data sets (Liu and Hou 1997). Eigen-modes were ranked 
according to the amount of data they explained and the better 
correlated the data, the more correlation is accounted for in 
the first few Eigen-modes. Each Eigen-mode also reveals a 
certain type of grain-size grouping and its corresponding spa-
tial associations that might have process implications.

With two capes at both ends confining along shore 

sediment transport within the embayment, two hypothetical 
sediment sources were likely to influence the observed sedi-
ment distribution patterns. They include sediment from the 
tidal inlet at Tróia near the northern extremity of the embay-
ment and cliff erosion in the southern part of the embayment. 
The grain-size sources were characterized by surface sam-
ples taken around the inlet and along the backshore in front 
of the cliffs. Based on the filtering concept proposed by Liu 
et al. (2000, 2002) the sediment data-processing flowchart 
is shown in Fig. 2. According to Liu and Zarillo (1990), in 
the deviation field, such as cliff-filtered deviation, the influ-
ence of cliff erosion was subtracted (minimized) so that the 
remaining data became more sensitive to the influence of 
other factors (such as inlet sediment) and the efficiency of 
the Eigen-modes reflects the cliff erosion influence on the 
data. The resulting Eigen function parameter spatial distri-
bution (Eigen vectors and Eigen weightings) on the cliff-
filtered deviation field will reveal the tidal inlet sediment 
influence on the data (Liu and Zarillo 1990).

4. RESULTS
4.1 Beach Sediment Analysis

Figure 3 shows the CaCO3 content and grain size com-
position on the beach berm. These data were analyzed by 
The EOF method analyzed the data to decipher the relation-
ships among the size-classes and their spatial variability to 
assess the study area littoral system sediment dynamics. 
The berm data percentages explained using the first three  
Eigen-modes are 41.8, 26.6, and 15.0%, respectively. Each 
Eigen vector divides the sediment grain-size classes into 
two groups (Fig. 4). Eigen weightings in Eigen-mode 1 de-
scribe the southward coarser fraction decreasing trend (from 
coarse sand, to very fine gravel) while the finer fraction 
(finer than or equal to medium sand) increases having two 
zero-crossings at p1 and p2. The spatial variability south-
ward from p2 is dominated by the coarser group, northward 
from p1 is dominated by the finer group while neither group 
has dominance between p1 and p2 (Fig. 5a). A positive cor-
relation exists between the fine fraction and CaCO3. Eigen-
mode 2 might describe very fine gravel and very coarse sand 
lag deposits in the southern part of the shoreline. Coarse and 
medium sand are winnowed out and transported northward, 
the demarcation between the lag and winnowed deposits are 
around p2 (Fig. 5b), possibly reflecting the decreasing wave 
energy. The third Eigen-mode indicates that very fine gravel 
dominates the southern extremity, ending at p3 zero-cross-
ing (Fig. 5c). A positive correlation exists between medium 
sand and CaCO3 in this mode indicating the source and sink 
aspect of CaCO3. The sharp change in these modes at the 
northern study area extremity points to the much-localized 
appearance of mud indicating the inlet sediment influence.

We divided the shoreline into four segments accord-
ing to these spatial partitions, namely S1 - S4 from south 
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to north (Fig. 5c). Referring to the original data (Fig. 3) 
the fining trend from south to north might indicate along 
shore transport such that fine-grained sediment is winnowed 
from the southern shoreline and transported to the north. In 
conjunction with medium sand, CaCO3 could be winnowed 
from S1 and S2 and transported to S4. Sediment composi-
tion on the beach berm in these segments could reflect the 

sediment transport trend.

4.2 The Grain-Size Distribution on the Inner Shelf

The abundance of pebbles, sand, silt and clay in weight 
(%) and the granulometric parameters (mean grain-size, sort-
ing, and skweness) of the ensemble data are plotted over  

Fig. 2. Flow chart for the grain-size analysis that applies the filtering concept in the EOF technique.

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Fig. 3. Abundance (weight %) of very fine gravel (a), very coarse sand (b), coarse sand (c), medium sand (d), fine sand (e), very fine sand (f), mud 
(g), and CaCO3 (h) on the berm along the shoreline. The southern end is on the left, the northern end is on the right.

Fig. 4. Berm sample EOF analysis results and Eigen vectors for the frist three modes.
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isobaths (Figs. 6 - 7). The grain size spectrums at some typical 
sites (at four profilers) are shown in Fig. 8. Sand is the most 
abundant and the most widely distributed size-class, having 
an abundance of more than 90% on the ebb-tidal delta and in 
the near shore area where the pebble abundance is less than 
10% (Figs. 6a - b). The sediment is well sorted and symmetri-
cal, ranging from 0 - 1 ø (Figs. 7, 8a, c - f), as P1-1, P2-1, 
P2-2, P3-1, and P4-1 shown. Several patches of coarse sedi-
ment appear on submarine terraces on the middle shelf with 
sand abundance around 70% and pebble abundance around 
30% (Figs. 6a - b). According to Quevauviller (1987), these 
features delineate a paleo-shoreline. The sediment here is the 
coarsest in the study area (Figs. 7 - 8). In region 3 (see Fig. 1b), 
sand is less than 40%, whereas silt and clay are the highest, 
reaching 30 and 40%, respectively (Fig. 6). This is a unique 
area where sediment is the finest, the most poorly sorted, and 
generally positively skewed (Figs. 7 - 8), as P1-2 shown.

The representative grain-size composition of the two 
hypothetical sources are similar and yet distinguishable 
(the location of the sites see Fig. 8a). The sediment from 
cliff erosion has the highest sand abundance, reaching 99%, 
without mud content (Fig. 8b). In contrast, notable silt and 
clay abundance exists in the inlet sediment.

4.3 Sediment Transport Vector

The offshore sampling stations in this study were near-
ly equally spaced, with the charcateristic distance 3408 m. 
The statistically significant sediment transport vectors plot-
ted over bathymetric contours show that sediment trans-
port occurs in 4 areas (Fig. 9). In the offshore zone NW of 
Ribeirade Moinhos, the net sediment transport is directed 
mostly offshore. The inner shelf sediment in the Sines Cape 
vicinity is transported north along the shore. Note that sedi-
ment transports offshore between Santo Andre and Aberta 
Nova. Conversely, onshore sediment transport takes place 
land ward of the canyon head. In the northern embayment, 

sediment transport trends around the ebb-tidal delta includ-
ing seaward movement via the tidal inlet and inlet-directed 
movement on margins of the ebb-tidal delta and tidal inlet, 
due to the northward littoral drift and ebb dominance on the 
flanks of a tidal inlet (Oertel 1988).

4.4 Sediment Transport Pathways Deduced from 
Mclaren-Bowles Model

We set 16 survey lines in this study area to study the 
along shore sediment transport. Among these 16, 8 lines 
were identified as having their Z-cores exceeding the sig-
nificance level (as Fig. 10 shown). The McLaren-Bowles 
model results show that different transport pathways exist 
in the near shore and offshore zones, demarcated by clo-
sure depth. Significant high-energy northward sediment 
transport occurs in the near shore. On the south side of the 
canyon head, both northward and southward high-energy 
sediment transports exist due to persistent waves from the 
NW and storm waves and/or swells from the SW. However, 
sheltered from the NW waves, the northern embayment is 
only subject to the SW storm-induced currents and along 
shore drift, which transports sediment northward.

4.5 EOF Analysis of the Shelf Data Sets

Table 1 lists the percentages of data explained by the first 
two Eigen-modes for all deviation fields. The results show 
that the cliff-filtered (deviation from the representative cliff 
gain-size composition) improves the percentage explained by 
the first two Eigen-modes. In other words, it is better cor-
related than the original (unfiltered) data set (Table 1). This 
means the sediment eroded from cliffs is an important factor 
influencing the grain-size distribution in the study area (Liu 
et al. 2000, 2002), implying the cliffs are important sediment 
sources in the system. The inlet-filtered deviation field is less 
correlated than the original data, suggesting that the sediment 

(a)

(b)

(c)

Fig. 5. Berm sample EOF analysis results and Eigen weightings in mode 1 (a), in mode 2 (b), and in mode 3 (c). The shoreline is divided into 4 
segments according to the zero-crossing locations p1 - p3 (see details in text).
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exported out of the inlet is not a significant source for the 
entire system.

Figures 11 and 12 show first two modes for the Eigen 
vector and corresponding Eigen weighting plots for all devia-
tion fields (the unfiltered data, cliff-filtered, and inlet-filtered). 
The Eigen vectors divide the sediment size-classes into two 
groups according to their signs (Figs. 11a - c, 12a - c). The spa-
tial correspondence of the two groups is expressed by the Ei-
gen weightings in a colored pattern whose values are indicated 
by the color bar in each plot (Figs. 11d - f, 12d - f). The posi-
tive grain-size group is weighted in the region with positive 
weightings and vice versa, separated by a thick solid line.

The first mode accentuates the sand variability as the 
sole size-class in the negative group (Figs. 11a - c). The 
positive areas in the corresponding Eigen weighting plots 

suggest areas where sand is relatively less abundant, such 
as on the terraces and the ebb-tidal delta front in region 3 
(Figs. 11d - f). Sand is dominant elsewhere, generally in 
the nearshore zone, including the ebb-tidal delta (regions 
1 and 2). Since the cliffs are the main sources for sand, the 
Eigen weightings in the cliff-filtered deviation (Fig. 11c) 
only show the presence of the unfiltered grouping (the other 
three size-classes, Fig. 11b).

The second mode accentuates the pebble variability as 
the sole size-class in the negative group (Figs. 12a - c). The 
pebbles are abundant mostly on the submarine terraces and 
therefore, corresponding to the negatively weighted areas 
in the offshore zone (Figs. 12d - f). The terrace association 
with the paleo-shorelines suggests the pebbles might be relict  
deposits (Figs. 12d - f). The EOF results reconfirm that sand 

(a) (b) (c) (d)

Fig. 6. Distribution pattern plots over the baythymetric contours of pebble (a), sand (b), silt (c), and clay (d), respectively. The abundance (weight 
%) of each size class is indicated by the color bar on the top.

(a) (b) (c)

Fig. 7. The mean grain-size spatial distribution (a), sorting (b), and skewess (c).
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(a) (b) (c)

(d) (e)

(f)

Fig. 8. The locations where sediment is chosen to represent cliff erosion (solid triangle) and inlet sediment (cross) and the sites to present the grain size 
spectrum (a); characteristic grain-size compositon of the two important sediment sources (b); grain-size distribution curves of four profilers (c) - (f).

Fig. 9. Sediment transport vectors in the study area deduced from the 
Gao-Collins model.

Fig. 10. Sediment transport pathways in the nearshore area (black ar-
rows) and offshore zones (gray arrows) deduced from the McLaren 
model.

Deviation field Mode 1 (%) Mode 2 (%) Cumulative (%)

Unfiltered data 65.12 33.93 98.94

Cliff-filtered 68.02 31.00 99.02

Inlet-filtered 61.88 37.03 98.91

Table 1. Percentage of data explained by the first two Eigen-modes.
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(a) (b) (c)

(d) (e) (f)

Fig. 11. EOF analysis results of different grain-size data sets (based on the flow chart shown in Fig. 2) for Eigen-mode 1. Eigen vectors (top) and 
Eigen weightings (bottom) of (a), (d) unfiltered data set; (b), (e) cliff-filtered; and (c), (f) inlet-filtered deviations, respectively.

(a) (b) (c)

(d) (e) (f)

Fig. 12. EOF analysis results for different grain-size data sets (based on the flow chart shown in Fig. 2) for Eigen-mode 2. Eigen vectors (top) and 
Eigen weightings (bottom) of (a), (d) unfiltered data set; (b), (e) cliff-filtered; and (c), (f) inlet-filtered, respectively.
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eroded from cliffs is the most important sediment source, 
dominating the textural pattern in the littoral zone. The inlet 
sediment has only localized influence in the ebb-tidal delta.

5. DISCUSSION AND CONCLUSION
5.1 Sediment Transport

In the Gao-Collins model compares the grain size 
trends (cases FB- and CB+) at a given site with the adja-
cent samples, opposite transport directions coexist, the two 
vectors cancel each other, and the sum is zero. Therefore, 
‘gaps’ are present in the resultant plot (Fig. 9). Previously 
determined subaerial beach berm data segments S1 - S4 cor-
roborate the transport vectors distribution (Figs. 4, 5, and 9). 
The spatial variability in the berm sediment distribution is 
part of the sediment transport patterns in the coast system.

The net cross-shore sediment transport in the southern 
part of the system is seawards. Backstrom et al. (2009) re-
ported that subaerial beach erosion occurs during storms, 
and the eroded sediment is transported offshore by down-
welling currents formed by coastal set up, caused by on-
shore winds and waves. However, it is difficult to mobilize 
coarser sediment grains in deeper water during fair weather. 
The sandy shelf in the southern embayment are exposed to 
the predominant waves from NW and more energetic but 
less frequent storms coming from SW, which lead to south-
ward and northward currents, respectively. Accordingly, 
bidirectional transport occurs along the shoreline. Sediment 
eroded from the cliffs could be transported northward by 
wave-induced currents, supplying sediment to the northern 
embayment. Sediment from the cliff-erosion via littoral drift 
controls the barrier spit elongation, which is a sink.

Transport vectors around the canyon head show land-
ward sediment transport. As Jacob et al. (2009) reported, 
propagating over the canyon, storm waves from NW to W 
experience refraction, leading to spatial variation in wave 
heights and waves become weaker landward of the canyon 
head. Combined with upwelling, wave-induced currents 
move sediment towards the shoreline, causing convergence 
in the onshore sediment transport.

The northern embayment contains a mixed-energy en-
vironment of waves and tides, sheltered from the NW waves 
and exposed to less frequently but more energetic SW storm 
waves. Sediment transport patterns around the ebb-tidal delta 
include seaward sediment discharge from the inlet and inlet-
directed transport. However, the alongshore transport on the 
north side of the tidal inlet is probably weak, driven by re-
fracted waves, causing an area of deposition (region 3) as 
evident by the relative high abundance of mud (Figs. 6b - c), 
which forms a mud sink in the system.

5.2 Sediment Source

This embayed system is a high-energy sandy environ-

ment with one major and one minor sediment sources. The 
EOF results suggest cliff erosion is the most important in 
sediment supply to the entire study area and the sediment 
exported from the tidal inlet has only local influence. In the 
first mode, the abundance of sand causes the deviation and 
the cliff-filtered deviation explains more correlations than 
the unfiltered data set, implying cliff erosion plays an im-
portant role in supplying sand to the system. This process is 
as follows: down-welling currents generated by coastal setup 
during storms, carry sediment eroded from the cliffs seaward 
across the shore. Storm-induced currents also transport sand 
alongshore, so it is widely distributed on the inner shelf. The 
abundance of pebbles causes the deviation in the second 
mode. The inlet-filtered deviation explains more informa-
tion than the unfiltered and cliff-filtered deviations, suggest-
ing that sediment exported from the inlet is the second most 
important source. However, as reported by Jouanneau et al. 
(1998), the fluvial flow could not transport sediment coarser 
than coarse sand. Therefore, the higher pebble content at the 
inlet is probably channel lag deposits, caused by sorting tidal 
flows through and around the inlet. Without other immediate 
sources the mud at the ebb-tidal delta front (region 3) should 
be sourced from the Sado Estuarine. Since the contaminants 
tend to adsorb onto finer particles, region 3 is a sink for heavy 
metals. As mentioned in previous studies, submarine canyon 
is possibly another river and shelf sediment sink (Liu et al. 
2002, 2009). We could not verify this assertion because we 
do not have data from inside the canyon. Altogether, cliff 
erosion is the most significant sediment source for the coastal 
embayment. The cliffs provide most of sand on the inner shelf 
and the tidal flat. The minor source is sediment discharged 
from the tidal inlet for the delta front (region 3).

We integrated all of the results into a conceptual model 
for the sources and sediment transport in the embayed system. 
As shown in Fig. 13, this coastal system contains a complete 

Fig. 13. Embayed system conceptual model for the sources, sinks and 
sediment transport patterns.
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sedimentation cycle, including sources (cliffs erosion and in-
let export), sinks (the barrier spit, the ebb-tidal delta and delta 
front region, and the submarine canyon), and transport path-
ways (littoral drift in the nearshore zone, seaward transport 
on the ebb-tidal delta, shore-parallel and shore-perpendicular 
transports in the offshore zone). This model provides useful 
insight into the coastal system at TSEC.
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