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Abstract: Knowledge of the sediment flux derived from different sources is critical for
interpreting the sedimentary records associated with large river sedimentary systems.
For the Changjiang River system, previous studies hardly focused on the sediment
load from the adjacent Zhoushan Archipelago (ZA). Based on four prediction models,
aiming to improve the understanding of the sediment load from the ZA during the
Holocene, we show that the predicted sediment flux of the ZA ranges from ~0.7 to
26.5 Mt-yr", with an average value of 10.7 Mt-yr", and the islands with a relatively
large area or high relief contribute greatly to the total flux. This sediment load is an
order of magnitude lower than that of the Changjiang River, but it is similar to those
of the local small rivers. Located in the core area of the southward dispersal path of
the Changjiang River plume, the ZA also influences the sediment transport into
Hangzhou Bay and over the Zhejiang-Fujian coastal seas. On the Holocene tempo-
ral scale, e.g., for the period from 6 ka BP to 2 ka BP, the sediments discharged from
the ZA had a considerable effect on the shelf sedimentary system. This study pro-
vides evidence for an important role an archipelago can play in terms of sediment
supply and transport in coastal and inner continental shelf regions.
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1 Introduction

Grouped continental shelf islands (i.e., an archipelago) are located between the mainland
and the adjacent deep-sea regions. They were once connected to the mainland during low sea
level periods of the Quaternary ice ages (Whittaker and Fernandez-Palacios, 2007). They are
of importance not only for the studies of paleogeography (Ogasawara, 1994; Bover et al.,
2008) and biogeographic evolution (Stankowski et al., 2014; Blackburn et al., 2013), but
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also in many other aspects such as sediment supply (Milliman and Syvitski, 1992; Milliman
et al., 1999), fishery resources (Fukuta et al., 2017; Jackson et al., 2014), habitat (Carva-
jal-Endara et al., 2017), tourism (Baldacchino, 2016; Kurniawan et al., 2016), and territorial
sovereignty (Mountz, 2015; Palestini, 2016). In terms of sediment dispersal and accumula-
tion, they contribute to the overall shelf deposits which are otherwise only linked with the
mainland’s rivers. In such places, the huge sedimentary systems consisting of river deltas
and distal mud deposits (Gao et al., 2015; Hanebuth et al., 2015) are best records of past
climate, environment and ecosystem changes (Bianchi and Allison, 2009; Gao and Collins,
2014; Gao et al., 2016), but the knowledge of sediment flux from the islands in addition to
the mainland input (Syvitski, 2003) is crucial to an appropriate interpretation of the sedi-
mentary records.

Regarding the above mentioned situations, the Zhoushan Archipelago (ZA) in eastern
China represents a typical example. For the Holocene period, the Changjiang River sedi-
mentary system (CRSS) has been formed on the inner continental shelf of the East China
Sea, including the Changjiang River delta, Hangzhou Bay mud deposits, and Zheji-
ang-Fujian inner shelf mud deposits (Liu et al., 2006; Xu et al., 2012; Gao, 2013; Gao et al.,
2015). The ZA, located to the south of the Changjiang River mouth, lies over the corridor of
the southward dispersal of the Changjiang Diluted Water (CDW), and in between the Hang-
zhou Bay and the East China Sea (ECS) (Hu et al., 2009). Apparently, the intensity of sedi-
ment transport associated with the CDW and the cross-shelf transport between the Hangzhou
Bay and the ECS is to some degree affected by the ZA.

A number of studies have been carried out on the role of terrestrial sediment supply from
the Changjiang River (Liu et al., 2006; Xu et al., 2012) and small coastal rivers (Chen et al.,
1990; Gao, 2013; Gao and Collins, 2014). However, there has not yet been a holistic analy-
sis on the role played by the ZA. Previous investigations are mainly focused either on the
grain size and chemical characteristics of the surficial sediment (Yan et al., 1981; Sha, 2007,
Liu et al., 2012), or on the processes of sediment transport, resuspension and deposition
around the ZA (Su and Wang, 1989; Hu et al., 2009; Xie et al., 2017). The major obstacle to
evaluate the sediment load from the ZA is the lack of gauging station records on these is-
lands. However, previous studies (Milliman and Syvitski, 1992; Syvitski et al., 2003; Milli-
man and Farnsworth, 2013; Gao and Collins, 2014) have shown that river sediment flux de-
pends upon the catchment characteristics, e.g., drainage area, lithology, tectonic movement,
relief, rainfall, air temperature and anthropogenic activities. Here, we use four existing
models to calculate the sediment flux, using a previously published islands’ topography
dataset of the ZA (Xia, 2014). On such a basis, we discuss the influence of the sedimentary
materials derived from the ZA on the deposition of the CRSS during the Holocene.

2 Regional setting

The ZA is located in the northwest of the East China Sea, south of the Changjiang Estuary
and east of the Hangzhou Bay (Figure 1a). It is the biggest archipelago in China, consisting
of 1814 islands with a total surface area of 1331 km” and a shoreline length of 2388 km (Xia,
2014). These islands are aligned in a northeast-southwest orientation. The islands in the
south are larger and higher than those in the north (Figure 1b). The Zhoushan Island is the
largest in this region, with a surface area of ~491 km?, and the Taohua Island is the highest,
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with a maximum elevation of ~545 m above sea level (Xia, 2014).

The region is characterized by a subtropical monsoon climate: northerly winds prevail in
winter but southerly winds are predominant in summer. The annual average air temperature
is 16°C, and on average the annual rainfall exceeds 1200 mm (Xia, 2014). The waves are
generally moderate except for the summer time when the region is influenced by typhoons,
and the tides are mainly semi-diurnal (Gao et al., 2016). The ZA is in the convergence zone
of low salinity and high nutrients waters from the Zhejiang coast, cool and medium salinity
and relative high nutrients water from the Yellow Sea, and high salinity and low nutrients
waters from the Taiwan Warm Current (TWC) (Wang and Yu, 1992; Zhang et al., 2007). The
mixing of cool and warm waters, together with the mixing of low and high salinity and nu-
trient content waters, provide favorable conditions of reproduction, growth, feeding, and
overwintering for various fishes (Wang et al., 2016). Consequently, the ZA and its sur-
rounding areas form the largest fishing ground in China (Liu ef al., 1991), although at the
moment the Zhoushan Fishing Ground is experiencing reductions in fishery catch due to
long-term overfishing (Wang and Yu, 1992; Wang et al., 2016).
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Figure 1 Location of the study area (a) and the major islands of the Zhoushan Archipelago (b)

3 Methods
3.1 Data source

The dataset contained in Xia’s study (2014) is used in the present study. The islands’ area
ranges from ~4 to 490,913,910 mz, with an average area of 734,495 m®. For these islands, 2,
18 and 60 islands have their areas of more than 108, 107, and 10° mz, accounting for 44.87%,
86.02% and 95.69% of the total area of the ZA, respectively (Figure 2). Among these, 304
islands are without maximum relief data, and their total area is 401,690 mz, ranging between
10 and 100,710 mz, which occupied about 0.03% of the total area of the ZA. For conven-
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ience, the maximum relief of these islands is assumed to be 17.7 m, which is the same as the
average value for the islands with the same land area range, based on the dataset. Thus, for
all of the islands, the maximum relief ranges from 0.4 to 544.7 m, with an average of 27.7 m.
Meanwhile, 2, 23, 80 and 210 islands have a maximum relief larger than 500, 200, 100, and
50 m, respectively (Figure 2). Volcanic rocks are widely distributed in the ZA, accounting
for about 80% of the islands’ area, of which extrusive rocks (mainly composed of lava and
volcanic clastic rocks) are most widely distributed, followed by crypto volcanic rocks
(mainly composed of shallow felsophyre and dacite-porphyrite) (Sha, 2007). Meanwhile,
intrusive rocks account for 14% of the areal coverage, and are mainly composed of
quartz-diorite, quartz-monzobiorite, monzonitic-granite and granite (Sha, 2007).
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Figure 2 Cumulative area and maximum relief of 1814 islands of the Zhoushan Archipelago in relation to
drainage basin size

3.2 Analytical methods

Based on the database of hundreds of globally distributed rivers, a close correlation between
sediment load and parameter(s) of basin has been identified. Milliman and Syvitski (1992)
pointed out that there is a strong correlation between sediment load and catchment area.
Mulder and Syvitski (1996) improved the sediment load—catchment area curve by introduc-
ing the maximum relief into the relationship. With considerations of climate zones, Syvitski
et al. (2003) suggested that the basin air temperature must affect a river’s sediment flux,
which should be also included in the model. Furthermore, Syvitski and Milliman (2007)
took into account of the factor of human activities, which led to the establishment of a global
predictor of sediment load, i.e., the BQART Model. In this study, the above four models
were used to predict the sediment flux of the islands in the ZA. The output values of the four
models play a role for mutual validation to overcome the shortcoming of the lack of gauging
station records.

For small islands, the maximum reliefs of the different basins are relatively consistent,
and the sum of the sediment load of the individual islands is almost equal to a basin with the
same maximum relief and catchment area. Therefore, it was assumed that each island in the
ZA can be regarded as a single river basin.

In the model (MS1992) proposed by Milliman and Syvitski (1992), sediment load (Qs,
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Mt~yr'1) is a piecewise function of basin area (4, M kmz), depending on the maximum ele-
vation range (R, m) of the river basin:

124%2, if 500 < R <1000
Qs =1 84%%, if 100 < R <500 (1)
A% if R<100

In the Mulder and Syvitski (1996) model (MS1996), Qs is an exponential function of ba-
sin area (4, kmz) and maximum elevation (R, m):
O, = ] ((0-4058log()+1.2789 log(R)=3.679) )
g =

where o is a constant (0.0315) due to unit conversion from kg's™' to Mt-yr .
In the Syvitski et al. (2003) model (S2003), Qs is a function of average discharge, maxi-
mum relief and basin-average temperature:

~ 0.0394°%if lat.> 30°N, T > 0°C )
0.534%7,if 0 <lat. <30°N, T >0°C

0. = 1.1x107* 04" 41" if lat. > 30°N, T > 0°C @
| 204% RO if 0 < lat. < 30°N, T'> 0°C
where Q is average discharge (m’-s™'), o = 0.0315 is a constant of proportionality, 4 is
drainage basin area (km?), T is basin-average temperature (16.3°C), and R is maximum relief
from sea level to the mountain top (m).

Finally, in the Syvitski and Milliman (2007) model (SM2007), Qs is estimated based upon
geomorphic and tectonic influences (basin area and relief), geography (temperature, runoff),
geology (lithology, ice cover), and human activities (reservoir trapping, soil erosion):

0=0.0754"8 (3)
where Q is fluvial discharge (m®'s™"), 4 is drainage area (km?), and = 0.0006 is a constant
of proportionality; B = IL(1-Tg)E; accounts for geological and land use factors; [ is glacier
erosion factor (1 in this case); L is an average basin-wide lithology factor; and 7 and E,
account respectively for the trapping efficiency of lakes and man-made reservoirs and hu-
man-influenced soil erosion factor, which we assumed to cancel out (Syvitski and Milliman
2007; Nienhuis ef al., 2015). Since the basins of the ZA are mainly composed of volcanic
rocks (Sha, 2007), we took L = 1 on the basis of Syvitski and Milliman (2007), R as the re-
lief (km) and 7= 16.3 as the basin average temperature, for the ZA.

4 Results

Based on the predictive models, Os values for each island in the ZA have been derived, and their
statistical characteristics are shown in Figures 3-5. The order of magnitude for Qg varies
from model to model. Among them, the MS1992 output has the least range, from 107 to 10°
t-yr ', and those of MS1996 and SM2007 have relatively wider ranges, with magnitudes from 10"
to 10° t-yr '. The S2003 output has the widest range, with magnitudes from 10° to 10° t-yr .

The different orders of magnitude for Qs showed significant variations among the four
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models. When using the model of MS1992, in terms of the highest frequency of occurrence,
1464 islands have the O value with the order of magnitude of 10° t-yr ', whereas for the
models of MS1996, S2003 and SM2007, 882, 714 and 1463 islands have the values with the
orders of magnitude of 10", 10° and 10° t-yr ', respectively (Figure 3a). Similarly, the mag-
nitude of a secondary highest frequency of occurrence is 10* t-yr ' for MS1992, associated
with 262 islands, whilst those for the latter three models are 10 10° and 10" t-yrﬁl, associ-
ated with 533, 428 and 233 islands, respectively (Figure 3a).

In terms of the relative importance, the islands associated with the sediment load that has
an order of magnitude of 10° t-yr ' contribute 42.29% of the total flux, according to the
model of S2003. However, for the model of MS1992, MS1996 and SM2007, the islands as-
sociated with a magnitude of 10° t-yr' are the most important, which account for 44.44%,
53.52% and 42.35% of the total flux, respectively (Figure 3b). In general, for all the models,
there are only a few islands that have a Qg magnitude of 10° t-yr*1 or higher, but their con-
tribution accounts for 16%—-34.80% of the total flux.
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Figure 3 Statistical characteristics of the sediment load (Qs) data: (a) the number of the islands associated with
different magnitudes of sediment load; and (b) the relationship between the island category represented by the sediment
load and the contribution to the total sediment discharge (in percentage) made by the different island categories

The magnitude of Qs is closely related to the topographic characteristics (area or/and
maximum relief) of the islands (Figure 4). The regional difference in Qs is obvious: for the
$2003 model, the Qs values are larger (i.e., 10°~10° t-yr") to the south of 30°N, than those
to the north of 30°N (i.e., 10°-10* t-yr'") (Figure 4e). For the MS1992, MS1996 and
SM2007 models, this difference is reduced to some extent (Figures 4c, 4d, and 4f)

In terms of the total sediment flux, the S2013 output (26.5 Mt-yr ') represents the largest
predicted value, the SM2007 output (~0.7 Mt-yr ') is the smallest, and the data based on
MS1992 (14.4 Mt-yr ') and MS1996 (1.4 Mt-yr ') lie in between the two extremes. On av-
erage, the sediment flux of the ZA is around 10.7 Mt~yr71. Meanwhile, the cumulative Qg
curves show rapid increase on the left side (in terms of either basin size or maximum relief
(Figure 5), suggesting that the islands with a large basin area or a maximum relief dominate
the total flux of the ZA.
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Figure 4 Spatial distribution patterns of island area (a), maximum relief (b), Os predicted by Milliman and Sy-
vitski (1992) model (c), Mulder and Syvitski (1996) model output (d), Syvitski ef al., (2003) model output (e),
and Syvitski and Milliman (2007) model output (f)

5 Discussion

The information on sediment provenance is fundamental in the interpretations of sedimen-
tary records associated with the Holocene sedimentary systems, especially those of large
rivers (Gao et al., 2015). The sedimentary materials supplied by the Changjiang River are
the largest source to the CRSS, with a sediment flux of 486 Mt-yfl (Milliman et al., 1985)
before the building of the many dams in the catchment areas. Compared with the Changjiang
River, the sediment supplied by the mountainous rivers along the Zhejiang, Fujian and Tai-
wan coastlines are also important for the CRSS. In this study, the results from the four mod-
els indicate that the Qg values of the ZA range from ~0.7 to 26.5 Mt-yrﬁl, with an average of
10.7 Mt-yr . This is at least one order of magnitude lower than those of the Changjiang
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Figure 5 Cumulative sediment load of the Zhoushan Archipelago calculated by the four predictive models

River and the Choshui River of the Taiwan Island (30—60 Mt-yrﬁl) (Liu et al., 2008), but
comparable to those of Jiaojiang River (0.8 Mt-yr ') (Sun and Huang, 1984), Oujiang River
(2.7 Mt-yr "), Minjiang River (7.3 Mt-yr ') (Compilation Committee of China Bays, 1998),
or Qiantang River (7.9 Mt-yr ') (Su and Wang, 1989) (Figure 6a) in the region. Although the
accurate value of this estimate is yet to be verified, there is no doubt that the ZA discharges a
considerable amount of sediment into the adjacent shelf waters, both from the drainage ba-
sins discharge and/or the erosion of rocky coasts. Thus, more attention should be paid to the
evaluation of the ZA sediment input, which is important for understanding any temporal
shifts in sediment supply to the CRSS.

A number of publications provide insights into the ZA sediment supply for the adjacent
areas. Based on a study on physical and chemical characteristics of the coastal sediments of Pu-
tuo Island, Yan et al. (1981) pointed out that here the supertidal, intertidal and even upper part of
subtidal areas are mainly composed of gravels, coarse- and fine-grained sands, mostly de-
rived from the erosion of volcanic rocks of this island. A similar result by Li ef al. (2002)
showed that the weathering products of islands were the main sources of coarse particles of
surficial sediments in the Qiqu Archipelago region. Sha (2007) showed that the clastic min-
erals of the seabed sediments in the ZA sea area are characterized by a quartz-feldspar-
hornblende-epidote-flakey mineral-metallic mineral group, indicating that the sediments
were derived from adjacent rivers and nearby areas. Moreover, Hu et al. (2009) pointed out
that the grain size parameters of surficial sediments are obviously affected by the archipel-
ago, and the bottom sediments generally become finer, well sorted and more negatively
skewed with the increasing distance to the islands (Figures 7a, 7b, and 7c). For the Hang
zhou Bay, the surficial sediments can be classified into three geochemical provinces (Liu et
al., 2012). Province I covers the northern Hangzhou Bay, dominated by suspended sedi-
ments derived from the Changjiang River. Sediments from Qiantang River dominate
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Figure 6 Sediment source and sink patterns of the CRSS: (a) annual sediment supply rates from the various
sources; (b) remote sensing imagery (based on Baidu Map (http://map.baidu.com/)), and the major shelf currents
(compiled on the basis of Chen (2009)) which affect sediment transport; and (c) isopach map (in meters) of the
Changjiang River-dominated deposits formed over the last 7000 years on the inner shelf of the East China Sea
(after Liu et al., 2006)

Province II, located in the western Hangzhou Bay. Province III occupies the middle and
eastern Hangzhou Bay, which is characterized by relatively high contents of quartz, feldspar
and amphibole, and the sediment sources include not only the above two rivers, but also the
weathering of the volcanic rocks, i.e., granite and granodiorite. The general pattern is that
the coarse sediments derived from the ZA are mainly deposited near the island shorelines,
and the fine-grained materials may deposit further away from the shoreline, e.g., in the inner
Hangzhou Bay and over the Zhejiang-Fujian coastal seas (Figure 7).

The southward dispersal of fine-grained sediments derived from the Changjiang River
contributes to the formation of large areas of mud deposits, in Hangzhou Bay and on the inner
shelf off the Zhejiang-Fujian coast (Figure 6). The processes for such southward dispersal
are associated with the interaction of tides, waves, the Changjiang Diluted Water (CDW)),
the China Coastal Current (especially the Zhejiang-Fujian Coastal Currents, ZMCC), winter
storms, and the Taiwan Warm Current (TWC) (Su and Wang, 1989; Lin et al., 2005; Liu et
al., 2006; Xu et al., 2012) (Figure 6b). Located in the core area of the southward dispersal
path of the Changjiang River sediments, the ZA not only supplies additional sediments, but
also serves as an obstacle for the sediments to enter Hangzhou Bay and Zhejiang-Fujian
coastal seas (Figures 6a, 6b, and 7d). When the suspended sediment plume passes the ZA,
the coarse particles is filtered and fine particles may flow through the island areas, a mecha-
nism known as the “archipelago effect” (Hu et al., 2009). Detailed analyses on the sediment
budget of the Changjiang River by Wu et al., (2006), Xie et al., (2013), Yang et al., (2015)
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and Xie et al., (2017) indicate that before the 1980s the net sediment flux across the Lu-
chaogang, Hangzhou Bay and Zhoushan transects were 230, 135 and 85 Mt yr'', respectively.
For the last 30 years, however, the effects of human activities, especially the building of the
Three Gorges Dam in 2003, on the sediment load from Changjiang River have changed; the
annual sediment discharge decreased from more than 400 Mt yr'' before the 1980s to below
150 Mt yr' after 2003 (Gao and Wang, 2008; Yang ef al., 2014). Consequently, the net
sediment flux of the first two of the above mentioned three transects decreased to 186 and
122 Mt yr'l, but that of the third one did not change much (Xie et al., 2017). Under such a
condition, the sediment supply from the ZA to the adjacent sedimentary systems may be-
come more important than that of the 1980s.

Based on the sedimentary records of Cores SE1, SE2, DC2 and EC2005 (Zhang, 2014;
Xu et al., 2012), the e age profiles reveal a significant hiatus at 2 ka BP in the Holocene
sequences, and only the upper sections of the deposits are related to the modern Changjiang
River (Gao, 2013). A reasonable hypothesis is that the initial bathymetry of the Hangzhou
Bay incised valley had a significant influence on the spatial distribution of the sediment
discharge from both the Changjiang and Qiantang rivers. With a relatively small flux, the
sediments supplied from the Qiantang River were almost entirely deposited to infill the in-
cised valley, in the form of estuarine deposits, which is still an ongoing process nowadays.
With the abundant sediment flux from the Changjiang River, rapid infilling took place in the
early to middle Holocene periods, i.e., 5 ka BP, and the sediments were deposited mainly in
the lower reaches of the Qiantang River and the bay-head areas of the estuary. During the
5-2 ka BP, the sediment started to enter the present-day Changjiang River delta on a large
scale; during the last 2000 years, the sediments of the Changjiang River began to escape
from the estaurine waters, resulting in accumulation of fine-grained sediment in Hangzhou
Bay and on the Zhejiang-Fujian inner shelf (Gao, 2013) (Figure 6¢). With a relative smaller
sediment flux compared with Changjiang River, the ZA, as mentioned above, has continued
to supply sediments to its adjacent regions. If the life scale of the CRSS is taken as 6000
years (Hori et al., 2001), then the total sediment flux of the ZA reaches a quantity of 64.2 Gt.
This amount equals to the total amount of sediment load from the Changjiang River for
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about 130 years. In particular, during the periods when the sediment supply from the Chang-
jiang River was not large, i.e., 62 ka BP, the sediments from the ZA would represent a ma-
jor source to its adjacent sedimentary systems. As such, the ZA sediment supply, when the
Holocene temporal scale is taken into consideration, should have certain influence on the
growth of the two sedimentary systems mentioned above.

To better understand the role of the ZA in the formulation of the CRSS during the Holo-
cene, future research may focus on the following aspects. (1) Observations of sediment load
at key locations in the ZA requires detailed gauging station records or measurements along
key transects, against which the sediment flux predicted by existing models can be calibrated.
(2) Numerical modeling of sediment transport should be carried out. At present, few nu-
merical experiments associated with the effect of sediment input from the ZA have been un-
dertaken to identify the relevant morphodynamic behavior of the Changjiang River sedi-
mentary system. (3) Comparative studies on the role played by the archipelago in the forma-
tion of the sedimentary systems may be conducted for different systems. For instance, simi-
lar to the relationship between the ZA and Changjiang River, there are also many islands in
the Zhujiang Estuary, from which it can be inferred that relatively large amount of sediment
would have yielded during the Holocene. The different evolutionary stages of estuarine in-
filling, different distribution patterns of islands within the estuarine areas and different dis-
persal processes and sediment loads (Gao et al., 2015) make the Changjiang River and Zhu-
jiang River sedimentary systems suitable comparable study areas for land-sea-islands inter-
action studies.

6 Concluding remarks

In this study we investigate the sediment supply from the Zhoushan Archipelago and its in-
fluence on the sedimentary systems associated with the Changjiang River. The models pro-
posed by Milliman and Syvitski (1992), Mulder and Syvitski (1996), Syvitski et al., (2003)
and Syvitski and Milliman (2007) were used to predict sediment load of the ZA. The esti-
mated total sediment flux of the ZA ranges from ~0.7 to 26.5 Mt-yr ', with an average value
of 10.7 Mt-yr . The islands with a larger area or a maximum relief contribute greatly to the
total flux of the ZA. This sediment load is an order of magnitude lower than those of the
Changjiang and Choshui rivers, but has the same order of magnitude as those of the local
Jiaojiang, Oujiang, Minjiang and Qiantang rivers. The ZA not only supplies sediments, but
also serves as a geomorphic obstacle to influence the sediment transport into Hangzhou Bay
and the Zhejiang-Fujian coastal seas. On a Holocene temporal scale, especially during 6-2
ka BP, the sediments from the ZA had an important effect on the Changjiang River sedi-
mentary systems. Future research should focus on the observations of sediment load and
numerical modeling of sediment transport at key locations in the ZA, and comparative stud-
ies on different large river sedimentary systems, in order to better understand the role played
by an archipelago in the formulation of the sedimentary systems.
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