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Abstract: The delta evolution and erosion process of the abandoned Yellow River Delta
(AYRD) have been extensively studied. However, the variation of sediment at a large littoral
scale along the north coast of Jiangsu is less understood. In this study, the data of surface
sediment samples obtained in the littoral area of the Yellow River Delta in 2006 and 2012 is
used to study the sediment variability and sediment transport trends by using the geostatistics
analysis tool and the grain size trend analysis model. In order to ensure the applicability of the
model, the geostatistics method is used to determine the characteristic distance (D) with the
average range value (Ao) of grain size parameter. Filtering method (removing data that not at
a sampling station) is used to improve accuracy of data selection. The results show that
sedimentary spatial correlation in Lianyun Port area and southern part of the abandoned
Yellow River Delta (AS) is better than that in the northern part of the abandoned Yellow River
Delta (AN). Sediment in the area is found to be anisotropy at the northeast—southeast direc-
tion. The grain size trend analysis reveals that the sediment trend is towards bayhead and
southerly in the Haizhou Bay, southeasterly along the shoreline in the south Lianyun Port,
northwesterly in AN and easterly—southeasterly in AS respectively. The investigation of pos-
sible relationships between D., Ao, sediment transport and delta evolution shows a close link
between D, and Ao of one sediment combination. It is also found that sediment transport
trends could reasonably represent the delta evolution to a certain degree.

Keywords: sediment variability; sediment transport; geostatistics analysis; grain size parameters; abandoned
Yellow River Delta

1 Introduction

Nearshore areas are transitional zones where the land and sea interact with each other under
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complex dynamic processes. Marine surface sediment is mobilized, transported and depos-
ited under the combined actions of wave, tide, runoff and other hydrodynamic forcing (An-
tunes Do Carmo and Seabra-Santos, 2002). These processes consequently influence the spa-
tial distribution of the sediment and change the coastal geomorphology. Therefore, the sed-
iment composition and its distribution contain important information of sediment
source-sink and environmental changes (Balsam and Beeson, 2003; Murraya et al., 2002),
from which the spatial variability, migration trends of sediment and sediments dynamics can
be revealed.

The Yellow River is well known due to the high sediment load it transports, and the large
amount of sediment transported is the dominant factor affecting the evolution of its delta
(Peng and Chen, 2010). During 1128 and 1855 AD, the Yellow River took its route into the
South Yellow Sea, forming a delta along the western coasts. Since 1855 AD, the delta
ceased to develop due to insufficient sediment supply and was consequently suffered serious
erosion. Preliminary estimates indicated that the volume of erosion was up to 100 million
cubic meters annually (approximately 140 million t/a) in the abandoned Yellow River Delta
(AYRD) area over the last 150 years. During the recent decades, most published studies had
been focused on erosion (Zhang et al., 1998; Fan, 2001; Wang, 2006), sedimentary charac-
teristics in the intertidal zone (Wang and Ke 1997; Gao, 2009a), and sediment transport of
the selected areas (Chen et al., 2011; Dong et al., 2011; Wang et al., 2011; Wang et al.,
2012, Liu et al., 2012). Despite the extensive studies, the sediment transport trend and spa-
tial-temporal variability of such a huge amount of sediment transported along the entire lit-
toral area of the AYRD are still unclear.

This paper is to analyze sediment variability and transport trends of the entire littoral area
of the AYRD. This study uses geostatistics analysis tool to analyze the spatial characteristics
of sediment, and the grain size trend analysis model to calculate sediments transport trend.
In determining characteristic distance (D.), semivariance analysis, Kriging interpolation and
filtering method (remove data that is not in a sampling station) are introduced. Finally, the
relationships between D, and sediment composition, and sediment transport trends and delta
evolution are discussed.

2 Study area

The study area is located in the western coast of the Yellow Sea, from Lanshantou in the
north and Sheyang River in the south, including the Haizhou Bay and AYRD (Figure 1). In
this area, the sediment had been mainly deposited during 1128 and 1855 AD when the Yel-
low River flowed into the Yellow Sea. Since 1855 AD when the Yellow River returned to its
path flowing into the Bohai Sea, the AYRD has subsequently suffered severe erosion.

Along the coast of northern Jiangsu, rotary tides are present, and there exists an am-
phidromic point of M, tidal constituent at about 80 km east to the abandoned Yellow River
Mouth (Chen, 2008), where the tidal range is approximately 2 m. The tidal range increases
in both ways northwards and southwards from the abandoned Yellow River Mouth. The di-
rection of flood tide is in SW and ebb tide is in NE, with the average tidal currents ranging
from 0.2 m/s to 0.5 m/s, and the speed of flood is bigger than that of ebb. The residual cur-
rent is southwesterly in a range of 0.06—0.10 m/s in the Haizhou Bay, and turns into north-
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Figure 1 The study area and sampling stations

easterly between the Liezi Mouth and the AYRD, and northeasterly at the abandoned Yel-
low River Mouth respectively. The normal waves in the area are from SE and strong waves
are from NE with the maximum heights in a range of 3—5 m. NNE wind-wave is dominant in
winter seasons and southward mixed waves in summer seasons (Ren, 1985).

According to the hydrodynamic characteristics, the study area can be divided into three
parts, named Lianyun Port sea area between Haizhou Bay and Guanhe River (LH), north to
the abandoned Yellow River Delta sea area (AN), and south to the abandoned Yellow River
Delta sea area (AS), respectively.

3 Data and method
3.1 Source of data

The field data used in this study includes the survey taken in the Lianyun Port area in Janu-
ary 2006, in which 135 marine surface sediments were collected with a grab sampler, and
the survey taken in the AYRD area in July 2012 with 124 samples collected by cap type
sampler (Figure 1). The particle analysis is carried out using a laser particle sizer (Master-
sizer 2000) to determine the gradation of all samples. Sediments are then classified accord-
ing to Folk’s triangular diagram method based on the ratio of the sediment combination
(Folk et al., 1970) with the sediment diameter < 4® as sand, 4-8® as silt, and >80 as clay.
The grain size parameters, including mean grain size, sorting coefficient and skewness, are
calculated according to the method proposed by McManus et al. (1988).

3.2 Geostatistics method

The geostatistics method is used to analyze the relationship between geostatistics character-
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istics and sediment dynamic process in sedimentary geology (Caeiro et al., 2003), which is
based on the theory of regionalized variable and the hypothesis of regionalized variables that
meet second-order stationary (Matheron, 1963). A commonly used geostatistics method is
semivariogram which measures half the average squared differences between pairs of data
points separated by a lag distance which is the distance separating two sampling stations.
The semivariance function can be expressed as follows:
— 3 Z(x)=Z(x; +h)] 1

7( )_ZN(h) Z [Z(x;)—Z(x; +h)] (1)
where / is the vector separating two sampling stations, known as step length, N(k) is the
number of samples with distance %, Z(x;) and Ah(x;) are sample values of the regionalized
variable Z(x) in located xi and x;t+h, respectively, and y(k) is the variogram of / between
values Z(x;) and Z(x+h).

This method has been used for analysis of spatial variations (Wang, 1999). After the
samples of each area are calculated, a series of scattered points are then plotted and the best
fitting model (Line, Spherical, Exponential or Gauss model) are used to yield a semivario-
gram map. The parameters of nugget value (C,), base station values (C,+C, C as structure
variance), spatial correlation (Co/C,+C), range (Ao) and correlation coefficient (R?) are also
obtained from the semivariogram map. Sediment combination analyzed by the geostatistics,
will reflect spatial variation characteristics of sediment at the macro level. In this paper, C,
and C,+C are used to analyze sedimentary spatial variability characteristics and spatial cor-
relation. The range is used to analyze distance of spatial correlation of sediment and
characteristics distance of sediment transport in the study area. All analyses are done with
the aid of GS+9.0 and ArcGIS 9.2.

3.3 Grain size trend analysis

McLaren (1981) was the first to use the mean size, sorting coefficient and skewness to cal-
culate sediment transport in one dimensional cases, and McLaren and Bowles (1985) further
clarified this model. Gao and Collins (1991, 1992, 1994a, b) proposed a two-dimensional
model of grain size trend analysis that was based on three grain size parameters, and it had
been successfully applied in various studies (Roux et al., 2002; Cheng et al., 2004; Duman
et al., 2004).

The principle of this model (Gao, 2001, 2009b) is to compare spatial variations between
the adjacent sampling stations and a plane vector is compound by vector sum of each station
and its adjacent station unit direction. After that, the vector is smoothened synthetically to
eliminate measurement noise.

Characteristic distance (D.) should be considered as a physical parameter of characteris-
ing sediment movement in the grain size trend analysis model. When the maximum sam-
pling interval is taken as D., the sediment grain size transport analysis becomes more diffi-
cult because too large or too small numbers of sampling intervals could influence the judg-
ment of true D, (Gao, 2009b). The grain size parameters can be analyzed based on geostatis-
tics analysis (Matheron, 1963), so the samples will be within the physically appropriate D,
for grain size analysis to ensure the existence of transport relationship between samples
(Poizot et al., 2006, Ma et al., 2010). In this paper, the sediment transport trends for two
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surveys are calculated separately.

Considering the fact that how closely the sampling spaces are related to the actual sedi-
ment transport scale is unknown, Kriging interpolation method is used to obtain regular
grids of grain size parameters data. Filtering method to remove the data that is not in sam-
pling station is used after the Kriging interpolation so as to improve data accuracy and
transport relationships.

4 Results and discussion
4.1 Sediment characteristics

With the geostatistics method, the long-term spatial variability of sediment grain size in the
sedimentary environment, can be categorized as the regionalized variables.

4.1.1 Sediment variability

In a semivariance analysis (Table 1), C, denotes the spatial variability from random factors
in the smallest sampling scale (<1.5 km), and (C,+C) denotes the total spatial variability of
the sediment particles. The results show that the smaller the distance, the larger the similar-
ity spatial correlation within the range (Ao). The ratio of C, and C,+C, indicates the degree
of spatial correlation of the system variable or spatial autocorrelation, in which the value
<0.25 indicates a strong spatial autocorrelation, and the value >0.75 represents a weak spa-
tial autocorrelation (Zhao, 2010).

Table 1 The variogram fitting model and parameters of sediment combination

Sea area Combination Model C, C,+C Co/(C,+C) Ao (km) R?
Clay Line 5.4 132.3 0.041 10.8 0.978
LH Silt Spherical 335 301.3 0.111 23.9 0.970
Sand Spherical 62.0 728.0 0.085 24.1 0.973
Clay Spherical 41.6 115.7 0.360 51.0 0.833
AN Silt Gauss 93.5 387.9 0.241 24.0 0.982
Sand Gauss 208.0 826.9 0.252 23.7 0.970
Clay Exponential 5.2 43.5 0.120 9.3 0.880
AS Silt Gauss 0.1 58.4 0.002 43 0.791
Sand Gauss 0.1 132.5 0.001 4.7 0.850

The total spatial variability of each sediment particle in AS is smaller than that in LH and
AN. The spatial variability of sand is the biggest and that of clay is the smallest in the study
area, and the results indicate the sediment coarsening due to erosion. Spatial correlation is
stronger in LH and AS, but weaker in AN, spatial autocorrelation ranges the smallest in AS
(<10 km) to the largest in AN (up to 51 km). The values of C,/(C,+C) of clay and sand are
less than that of silt in LH, indicating that the spatial autocorrelations of clay and sand are
stronger than that of silt in LH. The spatial autocorrelation of silt is stronger in AN, whilst
that of sand is stronger in AS. This spatial variability is closely related to the following in-
fluencing factors: the hydrodynamics is tide-dominant (tidal currents) and stable in LH and
AS, but the effect of waves is significant and the wave-current interaction is complex in AN.
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The results also show that Ao changes less in LH than those in AS and AN, and the changes
of Ao for clay is the biggest in all three areas because the dominant factor is tidal current.

In the large space of the study area, the dynamics of wave and tidal current which often
control the spatial variability of the regional variables in different directions, results in the
spatial variation showing distinct directional characteristics. In order to understand spatial
variability of directional sedimentary characteristics, the semi-variances in two orthogonal
groups of NE40°/SE130° and E85°/S175° are calculated, with their anisotropy ratios K(h)
also being computed. When K(h) <1.0, it is isotropic and otherwise is anisotropy. Taking LH
as an example (Figure 2), generally speaking, in the orthogonal directions of 85°/175°, there
is a clear exhibition of anisotropy in the scale of 5 km, while in the scale larger than 5 km, it
shows isotropy. In the orthogonal directions of 40°/130°, sediment composition shows ani-
sotropy when the scale is larger than 7 km. This is due to flood-tidal currents directing to
SW and ebb-tidal currents directing to NE. Different sized sediments were sorted and trans-
ported by the tidal currents in flood and ebb phases respectively. As a result, different sedi-
ment combinations are found to show different trends along current directions, which clearly
shows anisotropy as seen in the orthogonal directions of 40°/130°. For a smaller scale, waves
are found to have impacted on the surface sediments. Similar patterns can be seen in AN and
AS: anisotropy beyond the scale of 8 km in K(h) 40°/130°and isotropic within 8 km in K(h)
85°/175°.
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Figure 2 Ratios of anisotropic semivarigram of composition in LH

4.1.2 Sediment types

According to the classification of Folk (1970), sediment types in littoral area of the AYRD
include: silty sand, sandy silt, silt, muddy sand, sandy mud and mud. A total of 6 types of
sediments are found in LH, and 5 types of sediment are found in AN and AS, without the
presence of mud (Figure 3). Sandy silt and silt are distributed widely and continuously,
while mud and sandy mud appear to be patchily distributed. The overall trend of the plan
distribution of sediments based on the median grain size is seen to vary from fine to coarse
in the seaward direction in LH, while the sediment size changes from coarse to fine in the
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4.2.1 Maximum sampling intervals

As shown in Figure 1, the sampling stations are distributed quite regularly in the study area.
The minimum and maximum sampling intervals in LH are 1.2 km and 8.7 km, respectively,
with an average of 4.2 km, and Figure 4 shows the histogram of the sampling intervals. The
average sampling intervals in both AN and AS are around 3 km, with a maximum of 3.1 km
in AN and 3 km in AS. Setting initially the maximum sampling intervals as the D., the
sediment trend vectors calculated based on the Gao and Collins method are shown in Figure
5, the results show that the sediment transport in LH are mainly in the direction towards the
top of the Haizhou Bay, which is consistent with the sediment deposition found in the bay-
head. However, the trend is unable to reflect the deposition in the southern part of the Ha-
izhou Bay. Sediment transport trend is seaward at the Liezi Mouth and Guanhe Mouth, but
is less clear in the offshore area of the LH. The sediment transport trends are non-conclusive
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16 ] ] be concluded that to set the maximum
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Figure 4 The samples' distances histogram for Lianyun Port subsequently calculated for Ao (Table

sea area (LH) 2), and a value between the minimum
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or the maximum sampling intervals is used as the interpolation radius. The results show that
the semivariograms change with the increase of interpolation radius, and D, has a great in-
fluence on sediment trend vectors. With averaging Ao of three parameters as D,, the results
of sediment transport are shown in Figure 6, indicating that different D, can cause a signifi-
cant change in sediment transport. When setting the average Ao of mean size as D., sedi-
ment transport vectors are in opposite to the residual current vectors at the Liezi Mouth.
Similarly, it appears that with other average Ao, the southwest—northeast sediment transport
vectors are in opposite to the southeast—northwest tidal currents in Haizhou Bay. Therefore,
it becomes obvious that sediment transport trend calculated with this method cannot be re-
flected in AN and AS, either. Thus, the D, obtained from preliminary interpolation is again
unsuitable for sediment transport analysis in the study area.
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Figure 5 Sediments transport trend when using maximum sampling interval as D, (left) and suitable D, (right)

Table 2 The range of the three parameters at different interpolating intervals before filtering (km)

Sea area Interpolating distance 1.0 2.0 3.5 5.0 7.0 Mean value
Mean size 42.1 413 42.1 41.5 34.7 40.3
LH Sorting 62.9 62.4 64.5 67.5 61.2 63.7
Skewness 32.6 32.9 33.1 34.0 31.9 329

Interpolating distance 1.0 1.9 3.0 3.5 4.2 Mean value
Mean size 22.4 22.7 23.9 21.6 23.2 22.7
AN Sorting 4.4 4.6 4.7 4.7 6.0 4.9
Skewness 28.0 28.3 31.6 252 28.1 28.3
Mean size 17.9 18.5 19.6 20.2 21.5 19.5
AS Sorting 17.0 17.7 19.1 18.5 19.7 18.4
Skewness 18.9 19.5 20.2 19.5 20.1 19.6

The reason for the deficiency of using D, obtained by the preliminary interpolation is that
the distance is beyond sediment spatial autocorrelation and considerable noise can be
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Figure 6 Sediment transport trend with mean range of the three parameters before filtering (left) and after fil-
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Table 3 The range of the three parameters at different interpolating intervals after filtering (km)

Sea area Interpolating distance 1.0 2.0 3.5 5.0 7.0 Mean value
Mean size 30.5 30.7 314 13.8 31.9 27.7
LH Sorting 36.9 36.2 35.2 34.6 313 34.8
Skewness 28.4 28.6 28.2 12.8 31.9 26.0

Interpolating distance 1.0 1.9 3.0 3.5 4.2 Mean value
Mean size 55.6 54.5 29.0 433 17.0 39.9
AN Sorting 2.8 3.1 3.0 7.0 6.8 45
Skewness 9.5 10.0 19.2 7.1 7.9 10.8
Mean size 54 5.5 5.2 53 5.7 5.4
AS Sorting 5.4 13.7 5.3 5.2 5.3 7.0
Skewness 5.7 14.5 5.1 5.6 14.1 9.0

introduced. In order to search a better D,, the filtering method is used to remove the data not
at the sampling station and the filtered data are taken after the Kriging interpolation in
semi-variance analysis to calculate Ao (Table 3). The sediment transport vectors calculated
by Gao and Collins (1994) method are shown in Figure 6, the sediment transport vectors
become much improved. Comparing the results with those obtained from the average values
(Ao) of different parameters and hydrodynamics, it is clear that setting Ao to 26.0 km (LH),
39.9 km (AN) and 9.0 km (AS) respectively as the suitable D, the sediment transport vec-
tors are well presented in the littoral area of the AYRD (Figure 5).

The above analysis shows that using different values of D, in the grain size trend analysis
model would induce different sediment transport patterns. Setting the maximum sampling
interval as D, is unable to determine the relationship between sampling intervals and sedi-
ment transport patterns, and so is to generate satisfactory spatial correlation. However, the
geostatistical method together with the filtering techniques can be used to improve the
model accuracy and reproduce satisfactory sediment transport patterns in comparison with
the field observations. By combining the hydrodynamics with different values of Ao, the
model results reveal that the distances of 26.0 km (LH), 39.9 km (AN) and 9.0 km (AS)
should be chosen as D, in the grain size trend analysis model for the study site.

For this particular study area, we also find that there are certain patterns of linking D,
with Ao in different sediment combinations. The best D, value for different areas is found to
be close to the Ao of a certain sediment combination, for example, the Ao of sand in LH,
and Ao of clay in AS, and the average Ao of three combinations in AN, close to D, of each
area. Therefore, determining D, with the geostatistics model, the Ao of a particular type of
sediment combination can be considered as D., as this can ensure the sediment spatial cor-
relation. Using the values of D, further away from the aforementioned will produce unrealis-
tic sediment transport patterns as previously demonstrated.

4.3 Sediment transport

Sediment transport trends shown in Figure 5 display that sediment is mainly transported to-
wards the bayhead and south of the Haizhou Bay, which agrees with the hydrodynamic en-
vironment (Xie et al., 2007). In the area outside the Lianyun Port, the trends are found to be
southeasterly in the nearshore area and southwesterly in the offshore area, which again agree
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well with the observed patterns. The sediment transport directions at the Liezi Mouth and
Guanhe River coincide with the residual tidal currents, which is consistent with the results of
the previous studies (Wang et al., 1980; Xie et al., 2008). Zhang (2013) also confirmed
identical trends of sediment transport both in winter and summer seasons in LH. Sediment is
transported to the northwest in AN, which is evidenced by the development direction of the
sand spit at Guanhe River (Zhang and Zhang, 1993). The sediment transport trend is found
to be southeasterly at the corner of the AYRD, offshore to the northern side of AS and
southeasterly in the southern side of AS. Sediment transport trend in the nearshore area
agrees with the residual currents in AS (Liu et al., 2012). In AS, the trends are found to ro-
tate clockwise from the east to southeastwards. As agreed with other related studies (Wan
and Zhang, 1985; Chen et al., 2011), we conclude that the sediment in this area is mainly
transported towards the southeast and offshore.

Basically, sediment transport is the advection and diffusion process along the coast under
varying hydrodynamics (Yun et al., 1981). Combined with wave, tide, current, runoff, and
so on (Figure 7), sediment transports are analyzed. In the area where the water depth is
shallower than 5 m, waves are the main dynamic forcing to cause morphological changes. In
the area with water depth being between 5-10 m, the combined action of waves and tidal
currents is dominated (Meng, 2000; Wang et al., 2011). Tidal currents rotate in the Lianyun
Port (Chen, 2006), but the tides become reciprocating in the Haizhou Bay and AYRD. Ac-
cording to the work carried out by the Nanjing Hydraulic Research Institute (1993), sedi-
ment transport was southeasterly in the AYRD and AS, and northwesterly at the AN. On the
other hand, residual currents are the main forcing to affect the grain size spatial variability
(Ma et al., 2010). Finally, the Yellow Sea coastal currents (YSCC) exist along the Jiangsu
coast (Wei et al., 2011; Yuan and Hsueh, 2010), and the sediment in the offshore area is
mainly transported towards southeast under the influence of the YSCC. Due to the high
concentration and a wide range of suspended sediments along AS, it can be expected that the
sediment spreads in the offshore area (Xing et al., 2010). The above analysis shows that the
skewness in both LH and AS, and the mean size in AN have the isotropic characteristics,
which will assure the applicability of the grain size trend analysis model in the study area.
Therefore, taking their average ranges (Ao) as the D, in the grain size trend analysis model,
the trends of sediment transport of the littoral area of the AYRD could be better represented,
and the results are also supported by the results of previous research work and the hydrody-
namic environment in the study area.

4.4 Coast evolution

Due to the Yellow River shifting to the north, the northern Jiangsu coasts had suffered con-
tinuous erosion, and the eroded sediment was transported to different areas by the hydrody-
namic forcing (Figure 7). From 1960 to 2005, in the nearshore area of the Haizhou Bay, ero-
sion occurred at the northern part and deposition at the southern part (Wang, 2006). The
erosion-deposition at Lianyun Port was in a balance due to the rocky coastline. From the
Lianyun Port to Zhongshan River Mouth, coastal erosion occurred (Wang, 2006), and sedi-
ment was mainly transported along the coastline. Erosion was relatively severe around the
delta corner and southern sides of the AYRD, with sediment mainly being transported off-
shore. The above analysis shows that in the area, onshore sediment transport would result in
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deposition, and offshore sediment transport results in erosion in general.

5 Conclusions

(1) Sediment variability characteristics are analyzed by the geostatistics analysis method
in the littoral area of the AYRD on a macro scale. The results show that the sedimentary
spatial correlation at Lianyun Port and AS is better than that at AN, and sediment appears to
be anisotropy in the northeast—southeast direction. The sandy silt and silty sand are widely
distributed in the study area, and grain size distributions are opposite in the nearshore area
(fine-coarse) and offshore area (coarse-fine) in LH and the AYRD.

(2) When sediment transport is calculated using the grain size trend analysis model, it is
found the simply using the maximum sampling intervals as D, wouldn’t effectively repro-
duce a realistic trend of sediment transport. Using the geostatistics analysis method to de-
termine D, is an effective way to calculate the sediment transport trend vectors using the
grain size trend analysis model, which could produce satisfactory sediment transport trends
of surface sediments in the study area. Filtering method can effectively reduce the data noise
so as to enhance accuracy of the data. At the same time, suitable D, could provide guidance
for designing sampling station of field investigation, and we believe that the sampling dis-
tance should be appropriately increased (e.g. 26.0 km in LH, 39.9 km in AN and 9.0 km in
AS).

(3) The trends analysis of sediment transport shows that: sediment is transported to the
top and south in the Haizhou Bay; to the outer channel in the Lianyun Port; to the southeast
in nearshore and to the southwest in offshore along the coast in the south of Lianyun Port; to
the offshore at Liezi Mouth and Guanhe River Mouth; and to the northwest in AN. It is also
found that part of sediment is transported to southeast at the corner of the AYRD, and the
change clockwise from the east to the southeast in AS. Sediment transport trends agree with
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the hydrodynamic forcing (circulation, tidal current, waves and residual current) and corre-
late to the nearshore topography evolution (accretion or erosion of coastline) in the study
area.
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