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Abstract

The establishment of effective proxies for the differentiation of sedimentary facies in the tide-dominated river
mouth is fundamental to the delineation of stratigraphy and the study of paleoenvironments. Geochemical
signatures of the acetic acid (HAc) extractive phases of alkaline earth metals, such as Sr, Ba, and Ca, are closely
related to sedimentary environments and thus provide a novel method for discriminating the sedimentary facies
of river mouth. In this study, 50 surface water and surface sediment samples were obtained from different
geomorphological units of the Jiulong River mouth, i.e., river channel, distributary channel, delta front, delta front
slope, prodelta, and shallow marine area, and the salinity of the water, the grain size, and the Sr, Ba, and Ca
contents and Sr/Ba molar ratio (Sr/Ba) in HAc leachates of the sediments were determined. Contents of alkaline
earth metals in HAc leachates of surface sediments from the Changjiang (Yangtze) River coast were also collated.
The goals of this study were to reveal the spatial distribution of alkaline earth metals in the Jiulong River mouth,
define their depositional mechanisms, and search for effective geochemical proxies for identification of the
various sedimentary facies in the fluvial to marine transition zone. The results revealed several land-to-sea
gradients. The Ba content decreased rapidly from the distributary channel to the sea, and the Sr and Ca contents
and Sr/Ba increased gradually with the increase in salinity. Salinity, marine biomass, and sedimentary dynamic
processes, were speculated to be the main reasons for the differences in their spatial distributions. There were
significant differences in Ba, Sr, Ca, and Sr/Ba between the river channel and the distributary channel, in Ca and
Ba between the distributary channel and the delta front (slope), and in Sr, Ca, and Sr/Ba between the delta front
(slope) and the prodelta–shallow marine region. The Sr–Ba scatterplot showed that the sediments of the river
channel and alluvial plain were located as a high Ba and low Sr element-defined end-member, whereas samples
of the prodelta and shallow marine formed a high Sr and low Ba end-member. These can be used as characteristic
end-members indicating terrestrial facies and marine facies, respectively. The sediments of the delta plain, tidal
river, distributary channel, delta front, and delta front slope are located between these two end-member regions
of the scatterplot, and this region of the diagram can be used to identify land–sea transitional sedimentary facies.
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1  Introduction

Rivers are the link between land and sea. They transport

approximately from 150 × 109 t to 200 × 109 t of suspended sedi-
ments to the sea every year (Milliman and Syvitski, 1992), which
are mainly deposited in river mouths and nearby continental  
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margins, making river mouth a key area for the study of global
change and land-sea interactions. As a result of Late Quaternary
sea-level fluctuations, the stratigraphy of river mouth is charac-
terized by drastic changes of sedimentary facies and uncontinuit-
ies induced by frequent erosions (Li and Wang, 1998). Therefore,
the identification of sedimentary facies is the basis for the study
of paleoenvironmental changes using sedimentary records at
river mouth (Pan et al., 2023b). However, sedimentary facies in
the tide-dominated river mouth often have similar lithologies
and sedimentary structures (Gao et al., 2012; Zhan, 2012), such as
those of coarse-grained sediments in distributary channels and
river mouth bars, fine-grained sediments in delta fronts slope,
tidal flats, and flood-dominated channels, which make recon-
struction of the paleoenvironments difficult. The similar litholo-
gies and sedimentary structures also hinder studies such as sea-
level reconstruction, identification of marine intrusions and pa-
leostorm events, and environmental changes at coastal archae-
ological sites (Zhan, 2012; Wang et al., 2012, 2013). Therefore,
finding effective proxies to distinguish sediment successions
formed in different sedimentary geomorphological units in
present-day river mouth is a top priority to improve the identific-
ation of sedimentary facies in land–sea transitional zones.

SO−


In the land-sea transitional environment such as tide-domin-
ated river mouth, the alkaline earth metals Sr, Ba, and Ca and the
Sr/Ba molar ratio (Sr/Ba) in sediments are very sensitive to
changes in depositional environment. Sr is highly active and en-
riched in seawater, marine organisms, and marine sediments
(Bowen, 1956; Cho et al., 1999; Zwolsman and Van-Eck, 1999; Alf-
onso et al., 2006). Ca has properties similar to those of Sr, is also
enriched in marine environments, having a significant positive
correlation with Sr content. Both elements are positively correl-
ated with water column salinity (Coffey et al., 1997; Cho et al.,
1999; Zwolsman and Van-Eck, 1999; Wang, 1996; Wang et al.,
2001; Dorval et al., 2005; Mohan and Walther, 2015). Ba is en-
riched in fresh water but has low values in seawater, which is at-
tributable to the fact that when salt water and fresh water mix, the
Ba2+ in the fresh water readily reacts with  in the seawater to
form BaSO4 precipitate (Wang, 1996; Shi et al., 2003). Ba content
is thus negatively correlated with the salinity of the water. There-
fore, marine sediments have higher Sr/Ba, and terrestrial sedi-
ments have lower ratios (Wang et al., 1979; Liu et al., 1984; Qian
et al., 2012).

Geochemical elements in sediments mainly include ex-
changeable, carbonate-bound, Fe/Mn oxide-bound, organic-
bound, and detrital phases (Tessier et al., 1979), among which
the exchangeable and carbonate phases are closely related to the
depositional environment (Wang, 1996). Wang (1996) and Wang
et al. (2019a, 2019b) found that the Sr/Ba in the exchangeable
and carbonate phases of sediments extracted using the dilute
HAc method could better distinguish the marine and terrestrial
depositional environments of the Huanghe (Yellow) River delta.
Wang et al. (2021) investigated the spatial distribution of alkaline
earth metals in the dilute HAc-extracted phases of surficial sedi-
ments from the Changjiang (Yangtze) River mouth and found a
clear differentiation of each sedimentary facies. Huang et al.
(2021a) investigated the spatial distribution of alkaline earth
metals in the dilute HAc and dilute HCl-extracted phases of surfi-
cial sediments from three sedimentary environments, namely,
the alluvial plain, tidal river, and saltmarsh-tidal flats in the
Ningbo Plain. They found that the alkaline earth metals in the
acid leachates are most sensitive to changes in the depositional
environment of the coastal zone, that the results of HAc-extrac-
ted phases are not affected by the sample volumes or the measur-

ing instruments. Huang et al. (2021a) also reported the end-
member values of terrestrial and marine sediments of the East
China coast, which can effectively identify the depositional envir-
onments of coastal zone. On this basis, further studies have used
HAc-extracted alkaline earth metals as the indicators to investig-
ate saltwater intrusion, extreme storm events and coastal flood-
ing in the lowlands of eastern China coast, as well as the evolu-
tion of depositional environments and human adaptations at
Neolithic sites (Huang et al., 2020, 2021b; Zhang et al., 2022; Pan
et al., 2023a; Zheng et al., 2023).

The Jiulong River mouth on the southeast coast of China is a
strongly tidal influenced river mouth that has formed diverse
sedimentary geomorphological units under complex tidal-fluvial
interactions (Fig. 1a). The sedimentary facies differentiation and
Late Quaternary stratigraphic records of this river mouth remain
poorly understood (Chen et al., 1998). In this study, surface sedi-
ments from different geomorphological units were collected from
land to sea to characterize the distribution of alkaline earth
metals in the dilute HAc leachates, explore their relationships
with the hydrodynamic environments, and search for effective
proxies for identifying the sedimentary facies of the tide-domin-
ated river mouth. Results reported from the Changjiang River
coast of East China Sea (Huang et al., 2020, 2021a; Wang et al.,
2021; Zhang et al., 2022) were also collated to compare with the
spatial distributions of alkaline earth metals in the Jiulong River
mouth.

2  Regional setting
The Jiulong River is a subtropical mountain stream with a

total length of 1 923 km and catchment area of 1.47 × 104 km2 (Xu
and Chen, 2010), making it the second largest river in Fujian
Province, China. The main bedrock in the Jiulong River Basin is
Mesozoic igneous rocks, among which the biotite granite that in-
truded in the Late Yanshan period are the most widespread, and
the soil-forming parent rocks are mainly granitic (Yu et al., 2012).
The Jiulong River Basin has a subtropical oceanic monsoon cli-
mate. It has an average annual precipitation of 1 400–1 800 mm,
which is concentrated between April and September (approxim-
ately 75% of the annual precipitation), and is frequently affected
by typhoons in summer and autumn (Wen et al., 2007). The run-
off from the Jiulong River to the sea is also concentrated from
April to September (Fig. 1b), with average annual runoff values of
the main tributaries, the North River and the West River, being
8.27 × 109 m3 and 3.70 × 109 m3, respectively, and the average an-
nual suspended sediment concentrations being 0.206 kg/m3 and
0.210 kg/m3, respectively (Comprehensive Survey Leading Group
Office of Coastal and Tidal Flat Resource in Fujian Province,
1990). Semidiurnal tides occur in the Jiulong River mouth, with
an average tidal range of 3.99 m and a maximum range of 6.42 m
(Editorial Committee of Chinese Gulf Annals, 1993). The intru-
sion of the flood tide is directed toward the north bank of the
river mouth, the flows of the ebb tide and runoff are directed to-
ward the south bank (Fig. 1c), forming a counterclockwise circu-
lation centered on the Jiyu Island (Zeng, 1987).

The Jiulong River runs into an embayment surrounded by
bedrock and forms a delta at the head of the bay (Fig. 1a). The
delta plain is divided by three distributary channels: the north,
middle, and south channels. The north channel is gradually silt-
ing up, and the south and middle channels are currently the
main channels through which runoff enters the sea. The bay is
7 km wide from north to south, narrows to about 4 km at the
mouth, and the submerged topography slopes seaward at a
gradient of about 2‰. In the 1970s, the government constructed
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sluices in both the North River and the West River at the mouth of
the Jiulong River (Fig. 1a) to prevent the intrusion of tides, so the
river upstream of the sluices is entirely fresh water. An estuarine
water area, where salt water and fresh water mix, extends from
the sluice to the mouth of the embayment (Wang et al., 2022).
The upper part of the embayment where delta plain presents is
dominated by runoff from the south and middle channels, which
are influenced by flooding tidal currents. In the lower part, high-
salinity water intrusion occurs at high tide during the dry season,
and the salinity is uniformly distributed vertically; both horizont-
al and vertical salinity gradients become significantly larger dur-
ing the flood season (Fig. 1c; Wang et al., 1986). In the area east of
Jiyu Island, the lower layer is occupied by high-salinity water
throughout the year, and the upper layer is diluted water in sum-
mer (Wang and Jiang, 2013; Wang et al., 2022). The shallow mar-
ine area east of the bay is dominated by highly saline water
throughout the year.

3  Materials and methods

3.1  Sampling in different geomorphological units
In this study, by considering topography and hydrology

(Figs. 1a, c; Wang et al., 2022), the Jiulong River mouth was di-
vided into six geomorphological units (Ⅰ–Ⅵ): river channel, dis-
tributary channel, delta front, delta front slope, prodelta, and
shallow marine (Fig. 1a). The river channel (Ⅰ) is the area up-
stream of the West River sluice. The south and middle channels
are the distributary channels of the delta plain (Ⅱ). Unit Ⅲ be-
longs to the submerged shoals of the delta front, which are
mostly exposed to the water surface at low tide. Unit Ⅳ, the delta
front slope, is the area from Haimen Island to Jiyu Island, where
the water depth ranges from 0 m to 5 m. The water depth in the
section from Jiyu Island to the mouth, which corresponds to the
prodelta (Ⅴ), is mostly greater than 5 m. The shallow marine
area (Ⅵ) is the Xiamen Bay east of the mouth.

Samples of surface sediment and surface seawater (Fig. 1a)
were collected synchronously during two cruises in January 2020
(dry season; 35 sets) and October 2022 (flood season; 15 sets), re-
spectively. In total, there were 50 sets of samples. Sites were
numbered in the order of sample collection. Surface sediments
were collected using a grab sampler, packaged in self-sealing
polyethylene bags, and immediately returned to the laboratory
for freezing and preservation. Surface seawater was collected in
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Fig. 1.   The Jiulong River mouth and sampling stations (a); monthly average discharge of the Jiulong River (Wang and Jiang, 2013) (b);
surface/bottom salinity distribution at high/low tide of the dry/flood season in the Jiulong River mouth (Wang et al., 1986) (c).
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1 L plastic bottles.

3.2  Methodology
For surface water salinity testing, water samples were brought

back to the laboratory and immediately tested with a TK22-
HWYDA-1 salinometer (salinity test range 2–42, resolution 0.000 1,
precision (stability): ± 0.001 4, accuracy: ± 0.005). Surface sedi-
ments for grain-size analysis were oven-dried at 40℃, and about
0.2 g was placed into a beaker. Samples were treated with 10 mL
of H2O2 (10%) to remove organic matter and then with 10 mL of
HCl (10%) to remove calcareous material. Samples were washed
with distilled water after 4 h reactions. After settling for 24 h, they
were disaggregated by adding 5 mL of Calgon (sodium hexameta-
phosphate, 5%), followed by immersion in an ultrasonic bath for
ca. 15 min. The grain size was measured using a Beckman
Coulter Laser Diffraction Particle Size Analyzer (LS13320). Sedi-
ments were classified according to the grain size, with particles
smaller than 4 μm as clay, 4–63 μm as silt, and larger than 63 μm
as sand. Lithology of the sediment was determined according to
the percentage of each component (Friedman and Sanders,
1978).

The alkaline-earth metal contents of the surface sediment
samples were extracted with dilute HAc to obtain the exchange-
able and carbonate phases. The pre-treatment procedure fol-
lowed Huang et al. (2021a) and was as follows: the samples were
lyophilized in a freeze-dryer under vacuum at a low temperature.
The lyophilized samples were ground thoroughly with an onyx
mortar and pestle until all samples passed through a 200 mesh
sieve. 0.200 0 g specimen of each sample was placed in a 50 mL
centrifuge tube. Then, 20 mL of 10% HAc solution was added to
the centrifuge tube containing the sample and allowed to react at
room temperature for 24 h, during which time the sample was
shaken with a blender every 4 h to ensure a complete reaction.
The specimen was centrifuged at a speed of 4 000 r/min for
10 min. Then, the supernatant was poured into a clean and dry
crucible, and the crucible was placed on an electric hot plate
(180℃) and heated until only a very small amount of liquid and
orange-red solids on the walls remained. Finally, 20 mL of nitric
acid (HNO3) with a concentration of 5‰ was added to fix the
volume, and the solution was transferred to a clean centrifuge
tube. An Inductively Coupled Plasma Mass Spectrometer (ICP-
MS, Agilent 7500 cx) was used to determine the Sr, Ba, and Ca
contents, and the Sr/Ba was calculated from the results. The in-
strumental error was <6%. The analytical process was monitored
using the AGV-2, BCR-2, and BHVO-2 standards and a blank
sample to ensure that the test results were reliable.

4  Results

4.1  Spatial distribution of surface water salinity
Salinity measurements of surface water from the Jiulong River

mouth showed the trend of increasing salinity from land to sea
(Table 1, Fig. 2) and that the salinity of waters in the northern
part of the bay (e.g., Sites 2–4, 20 and 21) was higher than that in
the southern part, reflecting flood tidal current intrusion into the
river mouth from the northern side. The small difference
between the flood and dry seasons suggests that the sluices regu-
late freshwater discharge. Salinity values in the river channel
(Sites 42–48) were close to 0, with a mean value of 0.1. The salin-
ity in the distributary channel (Sites 14–16, 24–26, 28–34, and
37–41) increased seaward from 0.92 to 21.3, with a mean value of
8.45. In this unit, low values of salinity (mean 1.91) occurred at
seven Sites at the top of the delta (Sites 33–34 and 37–41). Salinity
increased rapidly at the south and middle channels (Sites 28–32),
where it had a mean value of 6.56. It further increased in the
lower part of the south channel (Sites 14–16, Salinity > 20, mean
20.83) and the lower part of the middle channel (Sites 25, 26, and
29, range from 9.54 to 15.94, mean 13.09). The salinity range of
the delta front (Sites 17–21, 23, 35, and 36) was from 15.9 to 27.5,
with a mean value of 21.78, while that of the northern stations
(Sites 20, 21) exceeded 25 and that of the southern stations (Sites
17–19, 23) ranged from 15.9 to 21.5, with a mean value of 19.55.
Salinity values in the delta front slope (Sites 8–13) were similar to
those of the delta front, ranging from 17.6 to 23.5, with a mean
value of 21.8, but there was a smaller difference between north
and south. Salinity values in the prodelta (Sites 1–7) increased
again, ranging from 22.2 to 29.2, with a mean value of 25.74, with
higher values in the north and lower values in the south. The av-
erage values of three Sites in the north (Sites 2–4) and four Sites
in the south (Sites 1, 5–7) were 29 and 23.3, respectively. The
shallow marine environments (Sites X3, JY3, X1, and KM3) had

 

Table 1.   Salinity distribution of surface water in the Jiulong River
mouth

Geomorphological unit Number of samples
Salinity

Min. Max. Average

River channel 7 0.1 0.1 0.1

Distributary channel 18 0.92 21.3 8.45

Delta front 8 15.9 27.5 21.78

Delta front slope 6 17.6 23.5 21.8

Prodelta 7 22.2 29.2 25.74

Shallow marine 4 22.2 29.0 26.3
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Fig. 2.   Salinity distribution of surface water in the Jiulong River mouth.
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the highest salinity, ranging from 22.2 to 29.0, with a mean value
of 26.3.

4.2  Distribution characteristics of surface sediment grain size and
types
Grain size of surface sediments in the Jiulong River mouth

does not show a clear trend of distribution among geomorpholo-
gical units. Grain sizes are finer in river channel and distributary
channel, and are coarser with large variations between sites in
geomorphological units seaward (Table 2, Figs 3a and b). Litho-
logies of all samples were dominated by clayey silt at 62%, fol-
lowed by sandy silt at 22% and sand at 10%. The mean grain size
showed the highest values in delta front facie, with an average
value of 133.1 μm. The facies of prodelta, delta front slope and
shallow marine also have coarser sediments with average values
of mean grain size of 55.6 μm, 39.4 μm and 44.4 μm, respectively.
Mean grain size showed lower values in river channel and dis-
tributary channels, with average values of 19.4 μm and 36.0 μm,
respectively (Fig. 3b).

4.3  Spatial distribution of alkaline earth metals
The distribution of the alkaline earth metals Sr, Ba, and Ca

and the Sr/Ba in the surface sediments of the Jiulong River mouth
varied significantly among the different geomorphological units
(Table 2, Fig. 3). The Ba content decreased seaward, and the Sr,
Ca, and Sr/Ba values generally increased from land to sea.

Ba content was significantly high in the river channel, with a
mean value of 150.91 mg/kg (Fig. 3c), but it decreased rapidly
from west to east in the distributary channels, with a mean value
of 30.47 mg/kg. Ba content was significantly low in the four geo-
morphological units from the delta front to the shallow marine,
with mean values of 9.08 mg/kg, 5.41 mg/kg, 5.09 mg/kg, and
5.48 mg/kg, respectively.

Sr content was lowest in the river channel (Fig. 3d), where it
had a mean value of 8.72 mg/kg, and increased significantly to-
ward the distributary channels with a mean value of 23.24 mg/kg.
The Sr content increased again in the delta front and delta
front slope, where it had mean values of 30.84 mg/kg and
30.94 mg/kg, respectively. The Sr content presented the highest
values, with means of 42.12 mg/kg and 44.72 mg/kg, in the
prodelta and shallow marine units, respectively.

The Ca content was lowest in the river channel, with a mean
value of 12.92 g/kg (Fig. 3e), but it increased to 25.07 g/kg in the
distributary channels and showed higher and similar values in
the delta front and delta front slope, where it had mean values of
36.10 g/kg and 36.86 g/kg, respectively. The Ca content increased
rapidly to significantly high values of 77.12 g/kg and 95.76 g/kg in

the prodelta and shallow marine units, respectively.
The mean Sr/Ba was only 0.06 in the river channel, but it ten-

ded to increase rapidly to the east in the distributary channels,
where it had a mean value of 2.44 (Fig. 3f). It increased further to
4.23 and 6.23 in the delta front and delta front slope, respectively.
The Sr/Ba was significantly high in the prodelta and shallow mar-
ine areas, with average values of 9.64 and 11.79, respectively.

5  Discussion

5.1  Mechanisms of spatial variation in alkaline earth metals
Salinity of surface seawater is dynamics and instantaneous,

representing short-time scale processes in comparison to the sur-
face sediments, which change over longer time scales. However,
because the freshwater discharge from the Jiulong River is regu-
lated by the sluices, the seasonal variations in salinity are likely to
be small (Yu et al., 2019). The comparison of salinity during the
flood season and dry season shown in Fig. 2 supports this specu-
lation. Therefore, in this study, we analyzed the correlations
between surface water salinity and contents and ratios of al-
kaline earth metals. The result showed that Sr and Sr/Ba were
significantly and positively correlated with salinity, with R2 val-
ues of 0.617 2 and 0.515 9, respectively (Figs 4a, d). Ca was also
positively correlated with salinity, with R2 of 0.32 (Fig. 4c). Ba was
negatively correlated with salinity (Fig. 4b), with R2 of 0.380 2.
The p values in the statistical analyses were all less than 0.01 (Fig.
4), indicating highly significant correlations. These analyses in-
dicate that the salinity of the water mass is an important factor
controlling the distribution of alkaline earth metals in surface
sediments. However, the Ba content presented consistently low
values in environments with water salinity >15, suggesting that
Ba cannot be used to discriminate among higher salinity water
masses and their associated sedimentary environments.

We also analyzed the correlations between grain size and
contents and ratios of alkaline earth metals. The results showed
very weak effect of grain size (Fig. S1). We then compared the al-
kaline earth metals between the geomorphological units and
found that there were more significant differences (Fig. 5). We
propose that salinity, marine biomass and sedimentary dynamic
processes are important factors affecting the variations among
the geomorphological units. The high Ba and low Sr and Ca char-
acteristics of the river channel indicate that the sluice of the West
River completely blocked salinity intrusion, causing the river
channel to have typical characteristics of terrestrial facies end-
member elements. The rapidly decreasing Ba content in the dis-
tributary channels of the delta plain indicates strong desorption
(Coffey et al., 1997; Wang et al., 2015). Previous studies have

 

Table 2.   Distribution of mean grain size and alkaline earth metals content in surface sediments of the Jiulong River mouth
Geomorphological unit Characteristic parameter Mean grain size/μm Ba/(mg·kg−1) Sr/(mg·kg−1) Ca/(g·kg−1) Sr/Ba molar ratio

River channel Average 19.4 150.91 8.72 12.92 0.06

Range 9.1–32.1 14.39–230.90 1.39–14.31 6.73–18.86 0.05–0.97

Distributary channel Average 36.0 30.47 23.24 25.07 2.44

Range 9.0–323.4 4.45–229.70 11.07–34.85 12.07–49.97 0.08–6.60

Delta front Average 133.1 9.08 30.84 36.10 4.23

Range 11.5–381.6 4.30–15.38 21.71–47.73 15.80–64.52 1.41–8.97

Delta front slope Average 39.4 5.41 30.94 36.86 6.23

Range 7.4–116.1 4.04–7.52 19.42–44.68 16.05–69.73 2.58–11.06

Prodelta Average 55.6 5.09 42.12 77.12 9.64

Range 12.5–163.0 3.34–7.96 21.40–52.45 13.03–179.30 2.79–14.28

Shallow marine Average 44.4 5.48 44.72 95.76 11.79

Range 23.0–66.8 2.73–11.29 37.17–54.86 56.40–190.00 3.29–19.47
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shown that Ba desorption occurs mainly in low salinity environ-
ments (mostly salinity ≤5; Wang et al., 2021). Measurements of
surface water salinity in this study showed that the salinity
already exceeded 5 (Fig. 2) in the middle and lower parts of the
distributary channels (east of Site 31). The sharp decrease in Ba

content occurred precisely in the upper part of the distributary
channels (west of Site 31). Thus, the desorption of Ba in the Ji-
ulong River mouth also occurs mainly in environments with sa-
linity ≤5. The increases in Sr and Ca in this geomorphological
unit reflect the transport of Sr and Ca in seawater, marine organ-
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Fig. 3.   Distribution of grain size, lithology and alkaline earth metals in surface sediments of the Jiulong River mouth.
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isms, or marine sediments by the flood tides to the upper part of

the distributary channels (Kim et al., 1999), indicating the func-

tion of tidal pumping in the landward dispersal and trapping of

marine-sourced suspended sediments.

The low Ba contents from the delta front to the shallow mar-

ine area indicate that there are no new sources of Ba and that the
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Fig. 4.   Correlation between alkaline earth metals in surface sediments and surface water salinity in the Jiulong River mouth.
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Fig. 5.   Average values of salinity and alkaline earth metals in different geomorphological units and hydrological environments in the
Jiulong River mouth.
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Ba in the sediments of the Jiulong River mouth is input mainly
from terrestrial sources. The significant increases in Sr and Ca in
the delta front and delta front slope reflect the trapping of mar-
ine-sourced sediments, suggesting that dynamic processes such
as tidal pumping and estuarine circulation make an important
contribution to the sedimentation mechanism of the delta front.
In addition, it may also indicate an increase in marine biological
productivity. In the prodelta and shallow marine area, the Sr and
Ca contents increased again, which may be mainly due to the in-
creased contribution of marine organisms, as the apparent strati-
fication of the upper diluted water and the lower hypersaline wa-
ter in this area is favorable to marine algal blooms (Deng et al.,
2019; Li, 2019) and thus can support higher marine planktonic
and benthic biomass. Further study in the future is suggested to
examine this speculation.

5.2  End-member characteristics of alkaline earth metals and in-
dicators of sedimentary facies
To investigate the geomorphological environmental differen-

tiation of alkaline earth metals in the Jiulong River mouth quant-
itatively, box plots and independent sample t-tests were used to
determine the differences in the above proxies among the river
channel, distributary channel, delta front (slope), and prodelta–
shallow marine areas (Table 3; Fig. 6). The results showed that p
values of Ba were less than 0.05, reflecting significant differences,
between the river channel and distributary channel and between
the distributary channel and delta front (slope) (Fig. 6a) but were
greater than 0.05, indicating nonsignificant differences, between
the delta front (slope) and prodelta-shallow marine area. The p
values of Sr between the river channel and distributary channel
and between the delta front (slope) and prodelta-shallow marine

area were all less than 0.01, reflecting very significant differences
(Fig. 6b); and the p value between the distributary channel and
the delta front (slope) was 0.059, reflecting a nonsignificant dif-
ference between these two datasets, which may reflect the wide-
spread deposition of marine-sourced sediments supplied by the
flood tide to these geomorphological units. The p values of Ca
between the river channel and distributary channel and between
the distributary channel and delta front (slope) were all less than
0.01, indicating very significance (Fig. 6c). The value between the
delta front–delta front slope and prodelta–shallow marine area
was less than 0.05, reflecting a significant difference between the
two datasets. The p values of Sr/Ba between the river channel
and distributary channel and between the delta front (slope) and
prodelta–shallow marine area were less than 0.01 (Fig. 6d), re-
flecting very significant differences, and the value between the
distributary channel and delta front (slope) was 0.077, reflecting a
non-significant difference between these two datasets. In sum-
mary, there were significant differences in Ba, Sr, Ca, and Sr/Ba
between the river channel and the distributary channel, signific-
ant differences in Ca and Ba between the distributary channel
 

Table 3.   Results of t-test (p values) on alkaline earth metals and
Sr/Ba molar ratio between sedimentary geomorphological envir-
onments at the Jiulong River mouth
Alkaline

earth
metals

River channel vs.
distributary

channel

Distributary
channel vs. delta

front (slope)

Delta front (slope) vs.
prodelta-shallow

marine
Ba 0.045 0.007 0.091

Sr 0.001 0.059 0.002

Ca 0.004 0.008 0.016

Sr/Ba 0.008 0.077 0.009

 

riv
er 

ch
an

ne
l

dis
trib

uta
ry 

ch
an

ne
l

de
lta

 fro
nt 

+ 

de
lta

 fro
nt 

slo
pe

de
lta

 fro
nt 

slo
pe

pro
de

lta
 +

pro
de

lta
 +

sha
llo

w m
ari

ne

sha
llo

w m
ari

ne

riv
er 

ch
an

ne
l

dis
trib

uta
ry 

ch
an

ne
l

de
lta

 fro
nt 

+ 

B
a 

co
nt

en
t/(

m
g·

kg
−1

)
C

a 
co

nt
en

t/(
g·

kg
−1
)

Sr
/B

a
Sr

 c
on

te
nt

/(m
g·

kg
−1

)

60

50

40

30

20

10

0

250

200

150

100

50

0

20

15

10

5

0

200

150

100

50

0

outlier
upper bound
third quartile
mean value
median
first quartile
lower bound

* * *
* * *

*  *

* * *

* * *

* * *

* * *

a b

c d

* * *

* *
 

Fig. 6.   Box-and-whisker plots of alkaline earth metals and Sr/Ba molar ratio. Very significant (p < 0.01) and significant (0.01 < p < 0.05)
differences between independent data groups measured by t-tests are indicated by *** and **, respectively.

64 Pan Dadong et al. Acta Oceanol. Sin., 2024, Vol. 43, No. 11, P. 57–67  



and the delta front (slope), and significant differences in Sr, Ca,
and Sr/Ba between the delta front (slope) and prodelta–shallow
marine area.

Based on the results of the significance tests mentioned
above, the Sr-Ba scatter plot was used for end-member element
analysis of the sediments in the Jiulong River mouth. The results
showed (Fig. 7a) that the river channel forms a high Ba and low
Sr end-member region and that the prodelta–shallow marine
area is typified by high Sr and low Ba. These two regions do not
overlap and are obviously different, so they can be used as ter-
restrial facies and marine facies end-member element groups, re-
spectively. The distributary channel and the delta front (slope)
are located in the area between these two end-members, show-
ing the characteristics of the land-sea transitional environment.
Among these, the distributary channel unit is more toward the
terrestrial facies end-member and the delta front (slope) is closer
to the marine facies end-member.

In order to validate the terrestrial and marine end-members
of Sr and Ba contents, we further compared with previous stud-
ies of alkaline earth metals reported from different geomorpholo-
gical settings of the Changjiang River coast (Figs 7b, c; Huang et
al., 2020, 2021a; Wang et al., 2021; Zhang et al., 2022). Sediments
collected from the Jiulong River channel and the alluvial plain of
the Changjiang River coast all have higher but with a wide range
of Ba contents and lower Sr contents. Sediments of prodelta and
shallow marine of the Jiulong River mouth contain similar high Sr
values and very low Ba values with those of the Changjiang River
prodelta, while the sediments of inner continental shelf and rel-
ict sand off the Changjiang River mouth contain higher Sr values,
supporting the enrichment of Sr in the marine environment. The

distributary channel and delta front (slope) of this study and the
tidal river, delta plain, and delta front of the Changjiang River
coast are located in the area between these two end-members,
showing features of the land-sea transition zone. Therefore, the
spatial distribution of alkaline earth metals in the Jiulong River
mouth are in general consistent with those on the world’s mega
river coast, reflecting that alkaline earth metals of Sr, Ba, Ca and
Sr/Ba are effective proxies for identifying sedimentary facies in
the tide-dominated river mouth.

6  Conclusions
(1) The content of the alkaline earth metal Ba in the Jiulong

River mouth decreases from land to sea, while the contents of Sr
and Ca and the Sr/Ba increase gradually toward the sea. The al-
kaline earth metals and theirs have significant characteristic val-
ues in different geomorphological units. The Ba content in the
river channel is more than 50 mg/kg, the Sr content is less than
15 mg/kg, and the Sr/Ba approaches 0. The Ba content of the dis-
tributary channel is about 30 mg/kg, and the Sr/Ba is less than 5.
The Sr content in the delta front and front slope is about
30 mg/kg, the Ca content is about 35 g/kg, and the Sr/Ba is about
5. In the prodelta and shallow marine regions, the Sr content is
higher than 40 mg/kg, the Ca content is about 80 g/kg, and the
Sr/Ba is about 10.

(2) The salinity, marine biomass, and sedimentary dynamic
processes in the Jiulong River mouth are suggested to be the
main factors explaining the differences in their spatial distribu-
tion. The Ba content decreases rapidly in the upper part of the
distributary channel, indicating a strong desorption effect in a
low-salinity environment.

 

60

50

50 100 200150 250

40

30

20

10

0

60

50

40

30

20

10

0

120

100

80

60

40

20

0

0

50 100 200150 2500

30 60 900

Changjiang River coast:

alluvial plain (Ningbo plain)

alluvial plain (Dongtiaoxi River)

tidal river

delta plain

delta front

prodelta

relict sand in continental shelf

inner continental shelf

marine facies

land-sea transitional
facies

terrestrial faciesSr
 c

on
te

nt
/(m

g·
kg

−1
)

Sr
 c

on
te

nt
/(m

g·
kg

−1
)

Sr
 c

on
te

nt
/(m

g·
kg

−1
)

Ba content/(mg·kg−1)

Ba content/(mg·kg−1)

Ba content/(mg·kg−1)

Jiulong River mouth:

river channel

distributary channel

delta front

delta front slope

prodelta

shallow marine

a

b

c

 

Fig. 7.   Distribution of alkaline earth metals of surface sediments from the Jiulong River mouth (a) and the Changjiang River coast (b, c).
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(3) Significant differences in Ba, Sr, Ca, and Sr/Ba were ob-
served between the river channel and the distributary channel,
significant differences in Ca and Ba occurred between the distrib-
utary channel and the delta front (slope), and significant differ-
ences in Sr, Ca, and Sr/Ba occurred between the delta front
(slope) and the prodelta–shallow marine region. The Sr-Ba scat-
ter plot can distinguish sedimentary environments of terrestrial
facies, land-sea transitional facies, and marine facies. In this plot,
the river channel facies were located at a high Ba and low Sr end-
member position, and the prodelta–shallow marine facies were
at a high Sr and low Ba end-member position. These results can
be used as representative terrestrial facies and marine facies ele-
ment end-members, respectively. The distributary channel and
the delta front (slope) located between these two end-members,
and this region of the diagram can be considered as representing
land–sea transition facies.
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