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Abstract: The knowledge of geomorphological evolution from an estuary to a river delta is
necessary to form the formulation of comprehensive land-ocean interaction management
strategies. In this study, the dominant factor controlling the geomorphological variability and
the threshold sediment flux (TSF) to form a river delta in Hainan Island, southern China, in-
cluding accommodation space, sediment supply, and reworking forces, was investigated by
the method of big data analytics. The results indicated the 25 estuaries in consideration can
be divided into three geographical groups, i.e. the multi-factors-controlled northern mixed
estuaries, wave-dominated western estuaries with river deltas, and typhoon-dominated
eastern coastal lagoon estuaries. For alluvial plain (AP) estuaries, the order of magnitude of
TSFs is the smallest (10" kt-yr™"), for barrier-lagoon (BL) ones is the highest (> 10°kt-yr™"), and
for drowned valley (DV) ones is moderate (10° kt-yr™"). The river deltas associated with DV
systems should be relatively large, and those related to BLs should be small, with the AP
deltas being between the above mentioned types. The present study provides a technique to
evaluate the role played by TSF for the formation of river deltas in micro-tidal and
wave-dominated and typhoon-influenced coastal environments.

Keywords: estuarine geomorphology; dominant factor; typhoon processes; threshold sediment flux; river delta; Hainan
Island

1 Introduction

River deltas are important interfaces between continents and oceans, playing a role of both
“driver” and “recorders” for natural and anthropogenic environment changes (Bianchi and
Allison, 2009; Gao and Collins, 2014; Schmidt, 2015). Fluvial sediment supply is the prin-
cipal source for such systems with respect to the source-to-sink mechanisms (Bates, 1953;
Wright, 1977). The occurrence of a river delta will not happen as the amount of sediment

Received: 2017-08-14  Accepted: 2017-12-15

Foundation: National Natural Science Foundation of China, N0.41530962, No0.41706096; This study also supports in part
by the China Scholarship Council, No.201606190151

Author: Li Gaocong (1987-), PhD Candidate, specialized in estuarine and coastal sciences. E-mail: ligaocong2013@163.com

“Corresponding author: Gao Shu (1956-), Professor, E-mail: sgao@sklec.ecnu.edu.cn

www.geogsci.com  www.springerlink.com/content/1009-637x



LI Gaocong et al.: Threshold sediment flux for the formation of river deltas in Hainan Island, southern China 147

available is below a critical value or threshold (Sloss, 1963; Vail et al., 1977; Gao and
Collins, 2014). Long-term global climate has changed catchment-estuarine systems and,
nowadays, worldwide river deltas are not only under dramatic threat from sediment starva-
tion, but also suffer from river flooding, natural and man-made subsidence, sea-level rise,
storm surges and coastal erosion (Blum and Roberts, 2009; Foufoula-Georgiou, 2013; Zhong
et al., 2014; Han et al., 2015). Thus, any knowledge of the threshold sediment flux for the
transition from an estuary to a river delta becomes important to formulate comprehensive
land-ocean interaction management strategies (Stanley and Warne, 1994; Syvitski and Mil-
liman, 2007; Giosan et al., 2014). However, although the concept of threshold sediment flux
for the formation of a river delta was proposed several decades ago, little attention has been
paid to the quantifying of this variable.

Regarding the above-mentioned situations, the estuaries and river deltas along the coast-
lines of Hainan Island, southern China, represent typical examples. In terms of the magni-
tude of sediment supply, the total flux has been estimated to be around 4 Mt-yr' (CEH,
1999), which is a very small value as compared to that of Taiwan Island (Chen et al., 1992)
and islands in East Indies (Milliman et a/., 1999; Milliman and Farnsworth, 2013). Signifi-
cant geomorphological variability of estuaries, however, can be identified along the coastal
Hainan (Gao et al., 2016; Li et al., 2016). Apparently, such a variability is related to factors
of the sea-level changes, morphological/bathymetric characteristics, terrestrial sediment
supply, and hydrodynamic forcing. Although previous studies have dealt with some of the
factors, e.g., geological background (Wang et al., 1983; Wang, 2006), history of sea level
changes (Zhang and Liu, 1987; Ma et al., 2003), waves and tidal range (Wang ef al., 1983;
Wang et al., 2001), typhoon influence incidences (Tu et al., 2016; Zhou et al., 2017), the
vulnerability of coasts (Wang et al., 2017) and sedimentary records interpretation (Gao et al.,
2016), there is a lack of systematic investigation into the factor of sediment flux of different
rivers.

In the present study, a dataset of 25 estuaries was established by the method of big data
analytics, including factors of estuarine original topography, history of sea level changes,
catchment basin elevation maximum (/,,,,) and area (4), hypsometry integral (HI), sediment
flux (Q;), average wave height, average tidal range, intensive typhoon events, and estuarine
geomorphology. On such a basis, the dominant factor influencing estuarine geomorphologi-
cal variability and the threshold sediment flux (TSF) for the formation of river deltas in
coastal Hainan during the Holocene were analyzed.

2 Study area

Located in southern China and northwestern part of the South China Sea (Figure 1a), Hainan
Island is the second largest island in China, with a surface area of 35.4 x10° km®. Its land-
scape is characterized by mountains in the central part, and hills and highly indented prom-
ontory-embayment coastlines in the coastal areas. The highest mountain is the Mt. Wuzhis-
han, reaching an elevation of 1867 m above sea level. The mountains and hills are mostly
composed of Palacozoic metamorphic and sedimentary rocks, intruded by Paleozoic and
Mesozoic granites, and the outcrop rocks of northern Hainan is mostly composed of Ceno-
zoic to Holocene volcanic, basaltic rocks (Wang and Zhou, 1990; Wang et al., 2001).
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Figure 1 Location (a) and digital elevation model (b) of the study area

The climate is dominated by tropical monsoons, with northeast winds in winter and
southwest winds in summer (Zhang et al., 2013). The annual average temperature is within
the range of 22.8-25.8°C (SBHP, 1994-2011). The tide in this area is diurnal and in a mi-
crotidal environment, with a range of 0.69—-1.89 m; NE wave prevails during winter, SE and
SW waves prevail during summer (Wang et al., 1983; Wang et al., 2001). Typhoons are fre-
quent in the summer rainy season and they derive both from the west Pacific Ocean and
from the South China Sea (CDCCBC, 1999; STI, 2006).

3 Methods

3.1 Data sources

In the present study, the first step is to carry out catchment basin analysis on the ArcGis 9.3,
using a 90 m resolution Digital Elevation Model (DEM) of Hainan Island downloaded from
the Geospatial Data Cloud (http://www.gscloud.cn) (Figure 1b). Subsequently, the variables
of catchment basin area (4), elevation maximum (Hp.y), mean (Hyean), and minimum (H )
could be obtained (Li et al., 2016). In terms of spatial resolution, the highest relative error of
every pixel point is 45 m. For the calculation of estuarine sediment flux, two parameters, e.g.
elevation maximum and area were used. Since their units are in km and kmz, which are two
orders of magnitude higher than the data resolution, it is assumed in this study that the im-
pact of error related to the spatial resolution on sediment flux results should be small. Com-
bined with estuarine remote sensing imagines on the Google Earth Pro, 25 rivers were cho-
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sen as the study estuaries subjectively. These rivers are located more or less uniformly
around the Hainan coastlines with easily recognizable estuarine geomorphology, with their
total catchment basin area accounts for 80.78% of Hainan Island (Figure 2a).

Data of other factors were collected based on the big data analytical method by making
full use of previous research results (Cukier and Viktor, 2013; Hampton et al., 2013). The
original topography of estuaries is consulted from the studies of Wang et al. (1983) and Yuan
et al. (2006). The history of sea level changes of Hainan Island since the mid-Holocene were
collected from the studies of Luo (1986), Zhang and Liu (1987), Li (1996), Wang (1999),
and Ma et al. (2003). The observed average wave height (Figure 2b) and average tidal range
(Figure 2c) pertain to the studies of Wang et al. (1983) and Wang ef al. (2001). The number
of times influenced intensively by typhoon from 1949 to 2014 is based on Tu et al. (2016)
(Figure 2d).
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Figure 2 Estuaries in consideration (a), average wave height (b), average tidal range (c), and the number of
intensive typhoons (d) from 1949 to 2014

3.2 Analytical methods

3.2.1 Accommodation space identification

The accommodation space for estuarine sedimentation is mainly determined by factors of
the estuarine original topography and sea level changes (Sloss, 1963; Vail et al., 1977; Gao
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and Collins, 2014). For the estuaries of Hainan Island, their original topography includes
alluvial valley (AV), pluvial-alluvial terrace (PAT), and structural valley (SV). With the sea
level changes during the mid-Holocene, the accommodation space of these estuaries trans-
form to three categories, e.g. alluvial plain (AP), barrier-lagoon (BL), and drowned valley
(DV).

3.2.2 Sediment flux estimation

The BQART formula (Syvitski and Milliman, 2007) is generally used to compute fluvial
sediment flux (Q;), and specific cases can be found in studies of Kettner et al. (2010) and
Nienhuis ef al. (2015). This formula estimates the O; based on geomorphic and tectonic in-
fluences (basin area and relief), geography (temperature, runoff), geology (lithology, ice
cover), and human activities (reservoir trapping, soil erosion):
0=0.0754"% (1)
0, — wBO"3 A*SRT )
where Q is fluvial discharge (m’*s™"), 4 is drainage area (km®), ® = 0.0006 is a constant of
proportionality. B = IL(1-Tg)E; accounts for geological and land use factors; 7 is glacier
erosion factor (1 in this case); L is an average basin-wide lithology factor; 7T and Ej account
respectively for the trapping efficiency of lakes and man-made reservoirs and hu-
man-influenced soil erosion factor which was assumed to cancel out (Syvitski and Milliman,
2007; Nienhuis et al., 2015). Because the study area mainly composed of granite in basaltic
lithology (Wang et al., 1991), this study assigned L = 1 for the study basins. R is the maxi-
mum relief (km) and 7 = 23.5 is the basin average temperature. At last, those predicted val-
ues were corrected by the gauging station records from the studies of Yang et al. (2013).

3.2.3 Hypsometry integral analysis

In terms of the geomorphological evolution stage, sediment flux discharges from catchment
basin are relatively smaller, larger, and smaller in relation to the ‘young’, ‘mature’, and ‘old’
stages, respectively (Li ef al., 2016). The Hypsometry Integral (HI) is generally used to infer
the stage of geomorphic development of a drainage basin (Strahler, 1952). Convex hypso-
metric curves characterize relatively ‘young’ and weakly eroded regions (HI > 0.6),
S-shaped curves characterize moderately eroded regions (0.35 < HI < 0.6), and concave
curves characterize relatively ‘old’ and highly eroded regions (HI < 0.35). The value of HI
can be estimated by

HI= (Hmean - Hmin) / (I_Imax - Hmin) (3)
where Hipean and (Hmax — Hmin) are the mean elevation and the elevation drop of the basin,
respectively (Pike and Wilson, 1971).

3.2.4 Bed reworking forces analysis

In this study, three factors, including the average wave height, average tidal range, and the
number of intensive typhoon events, were regarded as the main reworking forces for the
sediment deposition in estuarine regions. The data of observed average wave height and av-
erage tidal range, collected from the studies of Wang et al. (1983) and Wang et al. (2001),
was used to interpolate values for each estuary in consideration, according to the principle of
Kriging and estuarine coordinates.



LI Gaocong et al.: Threshold sediment flux for the formation of river deltas in Hainan Island, southern China 151

3.2.5 Estuarine geomorphological classification

To determine the categories of the estuaries, the criterion of morphogenetic classification of
estuaries given by Perillo (1995) was used. It consists of primary and secondary categories.
The former includes former river valleys, former glacial valleys, river-dominated, and
structural subcategories, and the latter refers to coastal lagoon estuary which includes
choked, restricted, and leaky subcategories. In this study, the estuarine geomorphological
classifications were determined by visual interpretation method with respect to their ac-
commodation space and satellite imagines characteristics.

3.2.6 Threshold sediment flux analysis

In this study, the term “threshold sediment flux (TSF)” refers to the threshold of fluvial
sediment flux for the formation of a river delta during the Holocene. Only when the sedi-
ment flux of a river is greater than the TSF, can a river delta be formed in its estuarine region
(Gao and Collins, 2014). Its value generally depends on the accommodation space and bed
reworking forces of the estuarine area. Figure 3 illustrates the procedures to determine the
order of magnitude of TSF, for which factors of the estuarine geomorphological classifica-
tion, accommodation space, and sediment supply are all taken into account. First the type of
accommodation space of the given estuary is determined, then to determine whether or not
the estuary is a delta front estuary, after that, to define whether or not the Qy of the catch-
ment basin is larger than the TSF.
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Figure 3 Flow chart for the determination of the order of magnitude of TSF

4 Results

4.1 Accommodation space

In terms of estuarine original topography, either SVs or AVs characterize the base of the to-
pography of the north and west coastal Hainan, and the PATs dominated in the west coast
(Wang, 1983; Yuan et al., 20006) (Table 1). Since the Last Glacial Period, sea level rose to ~4
m above the present position in ca. 6800 to 5800 a BP (Ma et al., 2003); since then, two cy-
cles of rise-drop of sea level occurred, with a magnitude of 4—6 m (Zhang and Liu, 1987).
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The sea level gradually stabilized as the present position in the last 2000 years, and at pre-
sent, the level is rising slightly caused by global warming (Wang, 1999). With the sea level
changes, sediments from the adjacent continental shelf were transported shoreward, and
gradually combined the Late Pleistocene pluvial-alluvial terraces and erosion platforms or
the hills (Li, 1986). As a result, many barrier-lagoon systems were formed in the eastern
Hainan coastlines, with barriers in width of 1-2 km, in length of 10-30 km and in height of
20-30 m (Luo, 1986). Meanwhile, the accommodation space of those SVs or AVs estuaries
have transformed to drowned valley (DV) and alluvial plain (AP) estuaries.

4.2 Estuarine sediment flux

Similar to the characteristic of basins’ areas, the Nandu, Changhua, and Wanquan rivers have
the largest Q,, with annual sediment discharge of 9.20, 5.99 and 7.07 Mt, respectively. These
predicted values, however, are one order of magnitude higher than that of gauging station
records (e.g. Yang et al., 2013). This study used a = 0.1 as the correction coefficient for Q.
Consequently, the annual sediment flux of the above three rivers is 920, 599 and 707 kt, re-
spectively.

The modified Q; of these three rivers is greater than other rivers considerably, of which
only 5 rivers have the order of magnitude of 100-200 kt'yr ' for O, and the other 17 rivers
are in order of magnitude of ~10-100 kt-yfl (Table 1). The total Q; of the basins in consid-
eration is ~3.50 Mt-yr . When the rest basins are being consideration, the total Q, for
Hainan Island is supposed to around 4 Mt~yr71, a value in accordance with the value of pre-
viously studied by the Committee of Encyclopedia of Hainan (1999). Thus, the correction
coefficient (o = 0.1) was considered to be valid which can be used in subsequent analysis.

All basins in consideration have hypsometric curves in shape of concave (Figure 4). On
average, the HI values is 0.18, ranging from 0.07 to 0.28 (Table 1). Both concave curves and
low HI values indicate the old geomorphological evolution stage of the study basins (Strah-
ler, 1952; Li et al., 2016). In addition, the HI value is relatively larger in the western and
and southern basins than eastern
and northern basins.
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(Wang et al., 1983). In addition, typhoon process influenced estuaries on eastern coast sig-
nificantly, and they occur with an average frequency of 8 events yr' over the last five dec-
ades (CDCCBC, 1999, STI, 2006; Tu et al., 2016). Thus, in terms of the dominant bed re-
working force, wave dominates the western coast, typhoon dominates the eastern coast, and
tide dominates the northern coast.

4.4 Estuarine geomorphological identification

Two categories and four subcategories of estuarine types can be identified from the 25 estu-
aries in Hainan coasts (Table 1). The first category is primary estuary and mostly located in
the northern, western and southern coasts, including tidal river, delta front, and structural
subcategories. The Yangqgiao and Wenlan estuaries belong to tidal river subcategory, with
increasing width of the river channel in the seaward direction. Except for the Nandu estuary
in the northern part of Hainan Island, the subcategory of the delta front estuary is most
common in the southwestern coast. The structural estuary is common on the northern coast,
including Chun, Beimen, Nanyang, and Zhuxi rivers. The last subcategory is choked estuary
and most common in the eastern and southeastern coasts (Figure 5).

(a) Structural estuary (b) Tidal river estuary
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Figure 5 Estuarine remote sensing imagines: (a) structural estuary; (b) tidal river estuary; (c) delta front estuary;
(d) choked estuary
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4.5 Threshold sediment flux

In terms of the accommodation space, Hainan estuaries can be divided into DV, BL, and AP
categories. For the estuaries of DV category, when the sediment supply is ranged from 5 to
62 kt-yr ', the estuarine geomorphology belongs to the structural estuary. As the supply in-
creases to 707 and 920 kt-yr ', the geomorphology, however, belongs to delta front estuary.
For the BL category, all estuaries belong to the choked subcategory, with a large range from
9 to 599 kt-yr . For the AP category, the geomorphology belongs to delta front estuary when
the supply is ranged from 9 to 160 kt-yr ', except for the two tidal river estuaries in the
northern coast. The latter is characterized by a relatively small average wave height (0.3 m)
and a relatively large average tidal range (1.63—1.89 m) compared with the former. Thus, in
terms of TSF to form a river delta in coastal Hainan, the order of magnitude for AP estuaries
is 10 kt-yrfl, for DV ones is 10° kt~yr71, and for BL ones should be larger than 10 kt-yrﬁl.

S Discussion
5.1 Dominant factor controlling the estuarine geomorphological variability

In terms of morphogenetic classification, this study indicated significant variation among the
estuaries in the Hainan coasts. The primary estuaries include tidal river, delta front and
structural subcategories located in the northern and western coasts; secondary estuaries
(choked estuary) in the eastern coast (Figure 6). Enhanced knowledge of dominant factor
controlling the evolution of estuaries in coastal Hainan during the Holocene is important for
understanding the variability of estuarine geomorphology.

The accommodation space, terrestrial sediment supply, and hydrodynamic forcing are
generally considered as the three main factors influencing the geomorphological evolution
of estuaries (Dyer, 1995; Gao and Collins, 2014). Apparently, the characteristic of estuarine
accommodation space controlled the first-order variation of estuaries, while the factors of
sediment supply and hydrodynamic forces controlled their secondary-order variation. Al-
though the sediment fluxes of northern and eastern rivers are larger than that of western riv-
ers, no river delta has developed in these areas (except for the Nandu River which charac-
terized by a relative large sediment flux), while many wave-dominated river deltas have
formed in the western coast. The average wave height is larger on the western coast than that
on the northern and eastern coasts, and the tide range is larger on the northern coast than the
southern coast (Wang et al., 1983). In addition, typhoon processes affect sediment erosion
and accretion of eastern coast considerably, because of their strong winds, high waves,
strong currents, and heavy rains (Tu et al., 2016; Huang, 2017).

Therefore, the dominant factor controlling the estuarine geomorphological variability on
coastal Hainan have a strong regional signature. Waves dominate the western delta frontal
estuarine hydrodynamic environment, and tide, sediment supply, and original topography domi-
nate the northern mixed estuarine environment, and typhoon dominate the eastern coastal
lagoon estuarine environment. As such, the estuaries in consideration can be divided into three
geographical groups, i.e. the multifactor-controlled northern mixed estuaries, wave-dominated
western estuaries with deltas, and typhoon-dominated eastern coastal lagoon estuaries (Fig-
ure 6). In the future, additional research work should focus on the observations and numeri-
cal modeling of alongshore transport either induced by waves and typhoon events to better
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arises an interesting question related to the geomorphological evolution from an estuary to a
river delta, i.e., whether or not there is a threshold flux of fluvial sediment for forming a
river delta.. Whether or not the fluvial sediment will settle down in an estuary and eventually
contribute to the delta formation depends upon many factors, such as river flow patterns in
an estuary (Bates, 1953), gravitational circulation (Dyer, 1995), tidal pumping (Dyer, 1995;
Yu et al., 2014), flocculation processes (Eisma, 1986), wave processes (Aston and Giosan,
2011; Nienhuis et al., 2015), typhoon (Huang, 2017), and water depth (Gao, 2007). Although in
situ observations could be used to obtained precise sediment budgets of the estuaries, they
cost a great deal of time and money; further, those processes occurred in past cannot be obtain by
observation. Thus, it is meaningful to propose a practical method by using various existing data
to determine the TSF for the studies of estuarine geomorphological evolution.

The present study provides a typical example to evaluate the role played by TSF for the
formation of river deltas in coastal Hainan by using many existing data, including factors of
accommodation space, sediment supply, and bed reworking forcing. The results show that
the TSF is in close contact with the type of accommodation space. In order to form a river
delta in coastal Hainan, the order of magnitude of TSF for AP estuaries (10" kt-yr™') is the
smallest, for BL ones is the largest (> 10° kt-yr'"), and for DV ones is in between (10°
kt~yr'1). For the structural estuaries in northern coast and choked estuaries in the eastern
coast, more fluvial sediments, first of all, are needed to fill the large accommodation of in-
cised valleys and lagoons than that of those alluvial plain estuaries. Although the filling
process of many southern lagoons has been completed, these lagoons, however, also failed
to form delta frontal deposition. A reasonable explanation for this is that alongshore sedi-
ment transport and reworking induced by typhoon processes is so strong to inhibit enough
fluvial sediments to settle down. In addition, the eastern coastlines show a spiral plan shape,
representing an equilibrium state of geomorphological evolution (Davis and Hayes, 1984).
Moreover, the catchment basins in consideration are all at an ‘old” geomorphological evolu-
tion stage, of which the sediment discharge flux should be relatively smaller than ‘mature’
stage in their life-cycle (Li et al., 2016). Therefore, although the Q; values of the eastern
rivers are larger than that of western rivers, river delta will be only poorly developed over a
long period of time.
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When the sediment supply is below the TSF, no delta will, or a river delta will suffer from
wave-induced or flooding-induced erosion. For example, the TSF of the Changjiang River
has been estimated to be around 300 Mt-yr'1 (Yang et al., 2003), the present Q,, however, is
smaller than this value, so are under dramatic threat of coastal erosion and subaqueous delta
retreat (Yang et al., 2011). In comparison, if the amount is larger than the TSF, the mor-
phology of a delta is concerned with sediment size (Orton and Reading, 1993; Caldwell and
Edmonds, 2014), cohesion (Edmonds and Slingerland, 2009) and the relative importance of
delta-shaping processes (Wright and Coleman, 1972; Gao and Collins, 2014).

Due to the different order of magnitude of TSF, it can be inferred that significant differ-
ences of the geomorphological size will occur between those deltas developed from different
kinds of accommodation space. In generally, the size of the accommodation space for DV
estuaries in coastal Hainan are relative larger, and for AP estuaries are relative smaller, and
for BL ones are in between. Combined with the bed reworking forcing, river deltas formed
from the DVs will have the largest size (i.e. the Nandu River delta), and relative smaller size
for the BLs, and in between for the APs (Figure 7). Similar landscapes have occurred in Asia
estuaries, the area of the delta plains is of the order of 10°-10* km?® for large river deltas,
such as the Ganges-Brahmaputra River delta and Changjiang River delta, which are in asso-
ciation with large drowned valley during mid-Holocene, whereas those alluvial plain ones
are only in order of 10'-10* km* (Li ef al., 2018). Future works should focus on the proc-
ess-product relationships between drainage basins and estuaries/deltas. Owing to the effects
of changing the climate and frequent human activities, the water and sediment discharges
entering the sea greatly changed, thereby exerting a significant impact on the development
and evolvement of the estuarine/delta sedimentary systems.

Original »| Sealevel s/ Sediment Bed reworkin, 5| Estuarine Delta
topoglfgphy changes sfp;l)llr;en > forcing ¢ classification [ | growth limit
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Figure 7 Flow chart for the Holocene estuarine geomorphological evolution in coastal Hainan

6 Concluding remarks

In the present study, the dominant factors controlling the geomorphological variability of
estuaries in coastal Hainan Island and the threshold sediment flux (TSF) to form a river delta
were investigated based on the big data method. Results indicated the 25 estuaries under
consideration can be divided into three geomorphological zones, e.g. the northern mixed
estuaries zone, the western river deltas zone, and the eastern coastal lagoons zone. The
dominant factor for the former zone is original topography, or tide process, or sediment sup-
ply, while that of the secondary zone is wave process, and that of the last zone is typhoon
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process. In coastal Hainan, the order of magnitude for alluvial plain estuaries to form a river
delta is the smallest (10" kt-yr"), for barrier lagoon ones is the largest (> 10* kt-yr"), and for
drowned valley ones is in between (10 kt-yr'). The growth limit of those river deltas
formed under the drowned valley estuaries will have the largest size, and the smallest size
for the barrier lagoon estuaries, and in between for alluvial plain estuaries, further investiga-
tions are required to test this hypothesis.
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