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Abstract

Riverine surface sediments are known to be important sources and sinks for different variables like metals, organic carbon
and nutrients. This paper presents the surface sediment quality of the Red River which was monitored for nine trace metal
elements, total organic carbon and nutrients (nitrogen, phosphorus and silica) during four sampling campaigns in 2019. The
results showed that Fe and As concentrations were higher than the allowed values of the Vietnam National technical regula-
tion on the surface sediment quality QCVN 43:2017/BTNMT. Trace metal element concentrations were, from highest to
lowest, Fe > Mn > Cu >Zn>Pb > Cr> As>Cd > Hg. The geoaccumulation index and the enrichment factor values revealed
that the Red River sediments were polluted by As; moderately polluted by Cu, Pb, Cd, and Hg; and uncontaminated by other
metals (Mn, Cr and Zn). For other variables, total organic carbon (0.43+0.31%), total nitrogen (0.09 +0.04%), and total
phosphorus (0.060 +0.018%) were low in comparison with other urban rivers, whereas total silica (29.93 +4.52%) seemed
to be high. Spatially, the lowest values of most variables were observed at the Hoa Binh site, where human population and
activities are lowest and when discharge was highest. In contrast, most variables were highest at the Ba Lat site where the
human activities clearly impacted on the Red River. These results indicate that the Red River sediment is affected by a com-
bination of natural characteristics and human activities in the basin.
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Introduction

Riverine sediment quality is of great concern to scientists
due to its important impact on aquatic ecosystem function-
ing and, indirectly, on human health. Islam et al. (2015)
pointed out that the riverine sediment is an essential and
dynamic compartment composed of various organisms and
environments. Many important biogeochemical processes
occur in the riverine sediment surface such as organic
matter storage and degradation (Marmonier et al. 1995;
Rulik et al. 2001), phosphorus adsorption and transfor-
mation (Butturini and Sabater 1999; Vervier et al. 2009),
nitrification or denitrification (Dahm et al. 1998; Lefebvre
et al. 2005) and absorption and release of trace metal ele-
ments (TME) with riverine water column (Li et al. 2020;
Schmitt et al. 2003). Accumulation of different variables
(TME, total organic carbon (TOC) and nutrients) in riv-
erine surface sediment has been observed worldwide (Liu
et al. 2009; Li et al. 2013). It has been emphasized that
organic matter can be decomposed during the natural pro-
cess, whereas TME in riverine water might be enhanced
by the presence of organisms, transformed into organic
compounds or be absorbed into particles, and then subse-
quently accumulated at high levels in riverbed sediments
(Li et al. 2020). When changes in environmental circum-
stances cause TME in sediment to be released back into
the water column, they have the potential to impact water
environmental safety and pose a health risk to aquatic life.
Sedimentary structure, mineral composition and physi-
cal-chemical transport are factors that affect the distribu-
tion and accumulation of pollutants in sediments (Zhang
et al. 2014). Changes in land covers and human activities
in the basins have led to increases in concentrations of
different variables in sediment such as nutrients, TME and
TOC (Karageorgis et al. 2003).

The major Asian rivers contribute a large proportion
(50%) of sediment to global sediment load (Ludwig et al.
1996), and many Asian rivers have seen dramatic changes
in sediment fluxes over the past decades due to climate
and human-induced change. Although some studies have
focused on the surface sediment quality of different riv-
ers in Asia, they have tended to separately study TME
(Ramesh et al. 2000; Islam et al. 2015; Strady et al. 2017,
Li et al. 2020) or organic matter (Trinh et al. 2012; Li
et al. 2017) or nutrients (Maazouzi et al. 2013). Riverine
sediment quality is of increasing concern to researchers in
Asia in recent years (Strady et al. 2017; Wei et al. 2019a).

The Red River (Vietnam and China) with a total basin
area of about 156.450 km? is characteristic of a South-
east Asian river system. Previous studies have shown that
human activities in the basin have induced significant
changes in the hydrology and suspended sediment and
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associated element (N, P) loads of the Red River (Dang
et al. 2010; Le et al. 2015). Information concerning TME
in surface sediment of the Red River (Nguyen et al. 2012,
2016) or of its distribution in urban rivers (To Lich and
Kim Nguu) (Nguyen et al. 2007; Nguyen et al. 2015b) or
organic carbon, nitrogen and phosphorus concentrations at
some sites of the Day River in the Red River Delta (Trinh
et al. 2012) have been published, however, knowledge on
the sediment quality of the whole Red River system is
still limited.

This study focuses on (i) assessing the surface sediment
quality of the Red River from the upstream to the estuary in
2019; (ii) identifying some factors that may control sediment
quality of the Red River. The results may contribute to the
assessment of sediment quality and provide a scientific basis
for environmental protection and management for the Red
River basin as well as for Vietnam. The results also provide
a dataset for river sediment quality in Southeast Asia.

Materials and methods
Study site

The Red River (156,450 km?) originates in the mountainous
Yunnan province in China. The upper basin is covered by
sandstones or mudstones (Chinadata 1998), whereas grey
and alluvial soils (70%) dominate in the lower part (Le et al.
2015). High soil erosion and red laterite soils going into
rivers in the upstream Red River system give the river its
characteristic red color (van Maren and Hoekstra 2004). The
main axe, Thao River, receives two main tributaries, Da and
Lo at Viet Tri city before forming a large delta area (Fig. 1).

The climate is monsoonal with two distinct seasons:
rainy (May—October) and dry (November—next April)
seasons. The climate results in a hydrologic regime that
is characterized by the high runoff during the wet season
and the low runoff during the dry season. During the last
50 years, the mean annual river discharges of the Thao, Da
and Lo rivers and in the main axe of the Red River at the
Hanoi station were 720+ 159, 1670+ 284; 1020+ 227, and
25004477 m® s7!, respectively (MONRE 1960-2015). Sev-
eral dams have recently been installed in this river system in
both China and Vietnam (Wei et al. 2019b).

Land use cover differs in the three upstream river basins
and the Delta area. Forests and bare land (74%) dominate
in the Da sub-basin, whereas industrial crops (58%) and
paddy rice fields (66%) mainly cover the Lo and Delta areas,
respectively. The Thao sub-basin is diversely characterized
by forest, paddy rice fields, and industrial crops (85%) (Le
et al. 2015).

Population density is much lower upstream (< 300 inhab-
itants.km™2) than downstream (> 1000 inhabitants.km™?) (Le
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Fig. 1 Sampling sites of the Red
River in 2019

et al. 2015), with about a total of 42 million inhabitants in
the whole basin (Wei et al. 2019b).

Sampling campaigns and laboratory analysis

Surface sediment samples (about 0-30 cm) were collected
in four campaigns in 2019 (March and April, the dry sea-
son; June and July, the rainy season) at five gauging sta-
tions: Hoa Binh (Da River), Vu Quang (Lo River), Yen Bai
(Thao River), Son Tay (main axe of the Red River after the
conjunction of the Thao, Da, and Lo) and Ba Lat (the Red
River estuary) (Table 1, Fig. 1). At each site, three sediment
sub-samples (banks and middle stream of the river) were
collected with a Van Veen grab sampler and then well mixed
to obtain a site sample for analysis. Samples were stored
in polyethylene bags during transportation to the labora-
tory. In the laboratory, the samples were air-dried at room

Hoa Binh

temperature and then ground before being sieved through a
1-mm sieve.

Laboratory analysis

pH

The liquid mixture of sediment and distilled water at ratios
1:2.5 was well stirred for 1 h to obtain soil slurry (Pansu
and Gautheyrou 1998). The pH of the solution was meas-
ured electrometrically with a pH meter that was calibrated
before using.

Trace metal elements

For Pb, Cu, Cd, Zn analysis: 2 g of each dried soil sample
was added to 15 mL HCI 37% and 5 mL HNO; 65%. The

Table 1 Location of five sampling sites of surface sediment of the Red River in 2019

No. Site name River Position 1 Position 2 Position 3 Mean water depth (m)
In wet season In dry season

1 Yen Bai (YB) Thao 21°42'3.557" 21°42'3.142" 21°42'3.156" 4.8 3.7
104° 52’ 5.826" 104° 52" 1.194" 104° 52" 1.244"

2 Hoa Binh (HB) Da 20° 50" 49.857" 20° 50" 48.256" 20° 50" 35.805" 11.5 9.9
105° 21" 13.092" 105° 21" 9.430" 105° 21" 25.999"

3 Vu Quang (VQ) Lo 21°34'59.430" 21°34' 58.795" 21°35'0.426" 12.3 9.2
105° 14" 54.613" 105° 14’ 54.529" 105° 14’ 57.174"

4 Son Tay (ST) Hong/Red 20°09'23.134" 20° 9" 20.656" 20°9'22.801" 9.5 7.5
105° 30" 42.485" 105° 30" 41.075" 105° 30" 42.379"

5 Ba Lat (BL) Hong/Red 20° 18’ 57.700" 20° 18' 52.500" 20° 18' 52.500" 2.1 1.4

106° 31" 19.700"

106° 31" 19.900"

106° 31" 19.900"

* @ Springer
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mixture was digested on a hot plate at 95 °C until the super-
natant became clear and a brownish-coloured fume was no
longer generated. The samples were then left to cool to room
temperature before being analysed (Rashid et al. 2016).
For Hg and As analysis: 0.2 g of each dried soil sample
was added 5 mL HNO; 65% and then was digested for 4 min
in a Microwave Digestion system (Niessen et al. 1999).
After the soil sample treatment procedure, all TME were
in the form of dissolved salts. TME were then measured by
atomic absorption spectrophotometer (Varian 280FS, Aus-
tralia), proposed by APHA (2017) (3114, 3112 and 3110
methods for As, Hg, and the other metals, respectively).

Total organic carbon

Organic matter and total organic carbon (TOC) in sediment
samples were determined by the Walkley Black method
(Walkley and Black 1934): the dried samples were added to
20 mL concentrated H,SO, and then digested with 10 mL
K,Cr,0; 1 N at 150 °C for 30 min and then titrated with a
standard ferrous ammonium sulphate (Mohr’s salt) solution.

Nutrients (TN, TP and TSi)

Total phosphorus (TP) and total silica (TSi) were determined
by the following steps: the dried samples were digested and
mineralized by sodium persulfate at 110 °C for 2 h. Phos-
phate concentration then was determined spectrophotometri-
cally (Jasco V630, Japan) according to the method 4500-P
proposed by (APHA, 2017). Total silica concentration was
analysed by the method 4500-SiO, (APHA, 2017) after sam-
ple digestion.

Total nitrogen (TN) was determined by the Total Kjeldahl
Nitrogen method (4500-N nitrogen; APHA 2017). Dried
samples were digested by K,SO, in an acidic phase (H,SO,
2 N) for 1 h at a temperature of less than 350 °C. The sample
was then distilled and titrated with H,SO, 2 N in the pres-
ence of boric acid (4%).

All reagents and solvents were of analytical grade
(Merck-GR). The recoveries of standard reference metals
were 90-112%. Triplicate measurements were taken on all

samples, standards, and blanks. The data shown below were
the average values of the triplicates.

Calculation of different pollution indexes
(geoaccumulation index (/y,,) and enrichment factor
(EF))

Igeo

I, which is the enrichment relative to the geological sub-
strate and calculated in Eq. (1) (Muller 1969) was applied
to quantify the degree of anthropogenic contamination in
the sediment:

Iy, = log(C,/1.5B,) 1)

where C, is the measured concentration of the examined
TME (n) in the sediment (ug/g); 1.5 is the factor used for a
lithological variation of metals; B, is the geochemical back-
ground concentration of the same TME. In this study, B,
values (ppm) for different TME are given in Table 2.

The /., value of each trace metal element was classi-

fied as uncontaminated with /,.,<0; uncontaminated to

moderately contaminated (0 </, <1); moderately con-
taminated (1 </, <2); moderately to heavily contaminated
(2 <y, <3); heavily contaminated (3 </, <4); heavily to
extremely contaminated (4 </, <5); extremely contami-
nated (/oo >5) (Muller 1969).

€0

EF

Enrichment factor (EF) is known as a normalization tech-
nique widely used to categorize the TME fractions that are
associated with sediments (Manno et al. 2006). To assess
the level of TME contamination, EF of all studied TME was
calculated for each sample following Eq. (2) and presented
in Table 2. The calculation of EF is based on analysed TME
concentrations and standard threshold values.

EF = [Cx/cref] sample/ [Bx/ Bref]background (2)

where C, and C,.: Concentration of the examined element

in the examined environment and the reference environment,

Table 2 Reference/background concentrations of different TME used for /,,, and EF calculation for the Red River sediment

Metals Pb Zn Cu Cd Fe Cr Mn As Hg
Reference 17 67 28 0.09 35,000 92 600 4.8 0.05
concentra-
tions, ppm
References Rudnick Rudnick Rudnick Rudnick Taylor and Rudnick Taylor and Rudnick Rudnick
and Gao and Gao and Gao and Gao McLennan and Gao McLennan and Gao and
(2003) (2003) (2003) (2003) (1995) (2003) (1995) (2003) Gao
(2003)

]
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respectively. B, and B, Concentration of the reference ele-
ment in the examined environment and the reference envi-
ronment, respectively.

The EF value was used to classify the level of trace metal
element contamination as follows: The EF of each trace
metal element is classified as: deficiency to minimal enrich-
ment (non-pollution) with EF < 2, moderate enrichment with
2 <EF <35, severe enrichment with 5 <EF <20, very high
enrichment (20 <EF <40), very strong level of pollution

(EF >40) (Manno et al. 2006).

Statistical analysis

All statistical and analytical results were performed with
Student t-tests to verify the difference of variables (pH,
nutrients, TME, and TOC) values between two seasons
(rainy and dry) and at different sites. Probabilities (p) were
calculated and a p-value of < 0.05 was deemed significant.

To detect the correlation between different environmental
variables, statistical software XLSTAT (XLSTAT Addinsoft,
2019) was applied to calculate the Pearson correlation coef-
ficients. Some environmental variables were evaluated by
“core” to compare the correlation and selected representa-
tive variables.

Results and discussion

Results

Different variables of the Red River sediment
quality

Trace metal elements

The concentrations of nine TME (Pb; Zn; Cu; Cd; Fe; Cr; Mn;
As; and Hg, in ppm) in surface sediments of the Red River at
5 sampling sites during 4 sampling campaigns were presented
in Table 3. The highest values were observed at the Ba Lat
site (in the estuary), whereas the lowest were found at the
Hoa Binh site, in the Da River. The average TME concentra-
tions in all studied sediments were in the following decreas-
ing order: Fe>Mn > Cu>Zn>Pb>Cr> As>Cd>Hg. The
mean values of some TME (Pb, Zn, Cu, Cd, Cr, and Hg) of
all sediment samples were lower than the allowed values of
the QCVN 43:2017/BTNMT (MONRE 2017) and of the US
EPA sediment standards (US EPA 2000). No value for Mn
concentration is presented in the sediment standards. The
mean values of Fe and As concentrations were higher than
the QCVN 43:2017/BTNMT, especially Fe concentration

Table 3 Trace metal element concentrations in surface sediments at 5 sites of the Red River in 2019

Sample name  Pb (ppm) Zn (ppm) Cu (ppm) Cd (ppm) Fe (ppm) Cr (ppm) Mn (ppm) As (ppm) Hg (ppm)
vQ 50.72+7.23 73.03 +42.86 75.3+34.81 0.34+0.21  45,551.6+5560.8  23.83+9.14 1318.5+192.5 28.93+20 0.18+0.11
YB 41.91+£4.48 69.31+15.91 77.27+£22.14 0.18+0.04  42,368.8+5800.2  25.23+8.68 787.4+163.0 17.63+7.78 0.17+0.04
HB 16.42+2.05 21.23+11.10 25.63+10.50 0.12+0.08  24,443.8+7058.5 16.12+5.80 579.4+186.3 8.91+2.54 0.05+£0.03
ST 37.39+1.55 44.84+13.34 47.42+22.58 0.25+0.08  25,984.4+2274.9 19.05+5.09 869.8+138.8 17.8+1.25 0.11+0.03
BL 73.37+13.58 88.73 +24.60 89.5+39.80 0.38+0.23  46,915.6+7405.3 31.92+9.73 754.1+£178.0 27.61+5.51 0.22+0.06
Average 43.96 +£20.07 59.43 +32.64 63.02+34.41 0.26+0.17  37,052.8+11,332.9 23.23+8.98 861.8+296.5 20.18 +8.56 0.15+0.08
min 14.55 11.43 12.65 0.012 18,800.0 7.48 307.0 6.86 0.03
max 90.63 120.35 123.85 0.73 56,662.5 46.48 1486.5 32.96 0.30
QCVN 91.3 315 197 35 20,000 90 - 17 0.5

43:2017/

BTNMT
USEPA 91.3 315 197 3.53 - 90 - 17 0.486

(2000)

sediment

standards®
Sediment

quality

guidelines,

NOAA

(1999)
Effects range  46-218 150-410 34-270 1.2-9.6 - 81-370 - 8.2-70 0.15-0.71

low/median

(ERL/

ERM)
Threshold/ 30.2-112 124-271 18.7-108 0.68-.21 - 52.3-160 - 5.9-17 0.13-0.7

probable

effect level

(TEL/PEL)

4Sediment quality guidelines that reflect probable effect concentrations (PEC)

]
* @ Springer
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was 1.85 fold higher than the allowed value (20,000 ppm).
In comparison with the values proposed in sediment quality
guidelines (NOAA, 1999), some TME such as Pb, Cu, Hg
were classified at the threshold/probable effect level (TEL/
PEL) and some TME (Pb, Cu, As, Hg) were at effects range
low/median (ERL/ERM) (Table 3).

The mean values in the rainy season were higher than
those of the dry season for Zn, Cd, and Hg, whereas the
inverse was observed for Cu (Fig. 2). No clear seasonal vari-
ation was found for Fe, As, Pb, Mn, and Cr (Fig. 2).

0.10 - oDry  cRainy 60

40
20

=
- 0.05 - m P
=
0.00 — 0

VQ YB HB ST BL

TSi,%

vVQ YB HB ST BL

0.15 - 1.50

010 1.00

£ 0.05 m rﬁ 0.50 m m m
0.00 ol 1T 0.00 L 1 et i 1H

VQ YB HB ST BL VQ YB HB ST BL

TOC, %

8 8
m e
6 6
T .
S 4 e
: £ m m 10 m
P B o L W T TH T
vVQ YB HB ST BL vQ YB HB ST BL
150 160
£
S 100 g 120
s 2 80
1l o il
o L mm . o UL, "ﬁ ,
VQ YB HB ST BL VQ YB HB ST BL
60 2000
£
§ 4 E 1500
W 2 1000
© 2 S 500
0 0
VQa YB HB ST BL VQ YB HB ST BL
160 1.2
£
g 120 £ os
2 80 a
=" -
o w H1 HW L #1
o L LI Mh (0 1l 0.0 1 .[ﬂ,m,rﬂ, .
V@ YB HB ST BL va YB HB ST BL
40 0.4
£
& g
2 20 - 0.2
7] (=2
< e o

fﬂfﬁﬂ,

VQ YB HB ST BL

0 - T |rﬁ|m\ | 0.0

VQ YB HB ST BL

Fig.2 Mean values in dry and rainy seasons of different variables of
surface sediment quality at five stations in the Red River in 2019
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pH

pH values of all observed sediment samples of the Red River
varied from 6.37 (at Hoa Binh) to 7.24 (at Vu Quang site)
with an average value of 6.98 +0.24 (Table 4), which was
within the allowed value of QCVN 43:2017/BTNMT. No
clear seasonal variation of pH values was detected (p <0.05).

Total organic carbon TOC

The average TOC concentrations were from 0.08% at Hoa
Binh site to 0.83% at Vu Quang site (Table 4). TOC con-
centration of all Red River sediment samples averaged
0.43+0.31%. However, no limit for TOC concentration
is presented in the Vietnam national technical regulation
QCVN 43:2017/BTNMT. The average TOC concentration
in the Red River’s sediment in the wet season was higher
than during the dry season (Fig. 2) (p <0.05).

Nutrients

TN and TP concentrations fluctuated from 0.01 to 0.14% (mean
value: 0.09 +0.04%) and from 0.02% to 0.08% (mean value:
0.060+0.018%), respectively for all Red River sediment sam-
ples. Within 5 sites, the highest nutrient values were detected at
Vu Quang (for TN) or Yen Bai (for TP) and the lowest values
were found at Hoa Binh site (for TN, TP). For silica, the mean
TSi concentrations were 29.9 +4.5% with the highest value at
Hoa Binh site and the lowest value at Vu Quang site. We noted
that no limits for nutrients (TN, TP, and TSi) are assigned in the
Vietnam standard QCVN 43:2017/BTNMT.

No clear seasonal variation was found for the nutrient
variables (TN, TP and TSi concentrations) (Fig. 2).
Pollution index of the Red River sediment quality
The calculated /,, values of different metals in the Red River
sediment samples averaged 1.34+0.72 (As); 0.71 +£0.95
(Hg); 0.62+0.75 (Pb); 0.60+1.17 (Cd); 0.35+0.90 (Cu);
—0.15+0.53 (Mn); -2.67+0.56 (Cr); -1.01 +0.95 (Zn) for
all 5 studied sites. Notably, at Hoa Binh site (located in the Da
River outlet, after the Hoa Binh reservoir), /,, values showed
the loss of most TME except for As (Fig. 3). The I, results
indicated the decreasing order of As>Hg>Pb>Cd>Cu>
Mn > Cr>Zn among the investigated metals. Based on the
calculated I, values and the classification method of Muller
(1969), metals such as Mn, Cr and Zn (with /,,, values less
than 0), were classed as uncontaminated, whereas the metals
such as Cu, Cd, Pb and Hg were classed as uncontaminated
to moderately contaminated. Only As (I, > 1) was classified
in moderately contaminated level in the Red River sediments.

The mean EF values of As, Hg, Cd, Pb, Cu, Mn, Zn and
Cr for all sites of the Red River were 4.20+1.78;2.93+1.61;
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Table4 pH, total organic Site pH TOC (%) TN (%) TP (%) TSi (%)
carbon, and nutrients
concentrations of surface vQ 7.02+0.21 0.83+£0.09 0.13+0.01 0.067+0.003 25.35+0.80
sediment 3 sites of the Red YB 7.01£0.11 0.47£0.07 0.09£0.01 0.0770.005 26.90+0.39
HB 6.89+0.23 0.08 +0.04 0.03+0.03 0.034+0.015 36.41+2.37
ST 6.99+0.42 0.11+0.06 0.07+£0.05 0.050+0.006 33.43+0.68
BL 6.97+0.24 0.64+0.13 0.11+0.01 0.071+0.005 27.56+1.55
Average 6.98+0.24 0.43+0.31 0.09+0.04 0.060+0.018 29.93+4.52
Min 6.37 0.04 0.01 0.080 24.22
Max 7.24 0.95 0.14 0.020 39.15
4.0 1 ODry @Rain 4.0 4 4.0 4
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Fig.3 Seasonal variation of I, values for nine trace metallic elements at five sites in the Red River

2.84+1.85;2.59+1.18;2.25+1.23; 1.44+0.49; 0.89+0.49
and 0.25+0.10, respectively (Table 7). The mean EF values
of almost all studied metals, except for Mn, Zn and Cr were
in the range from 2 to 5, reflecting the anthropogenic origin
of metal enrichment in the surface sediments of the Red
River. The analysis of seasonal fluctuation suggested that EF
levels of Cu were greater in the dry season than in the wet
season, whereas other metals (e.g. Zn, Cd, Hg) were higher
in the rainy season (Fig. 4).

Pearson relation

Within different variables observed, good positive correlations
existed between Fe-Pb; Fe-As; Cd—Pb, Cd-Zn; Zn-Hg; Pb-As;
and Pb-Hg (R2>0.7, p<0.01) (Table 5). TOC was signifi-
cantly positively correlated with TN, TP and some TME (Fe,
Zn, Pb, As, Hg) (Pearson correlation coefficients > 0.6) but a
strongly negatively correlated with TSi (Table 5).

Spatially, of the different variables observed, only TSi
concentration did not vary across the Red River sediment
samples, whereas almost all of the other variables were low-
est (p <0.05) at the Hoa Binh site in the Da River where the
forest land dominates and population density is lowest.

Discussion

Sediment quality of the Red River

Comparison with the sediment quality of other rivers
in the world

The TME values of the Red River sediment were close to
those observed in the Lanzhou Reach of the Yellow River,
China (Liu et al. 2009). The values were higher than in
the Koshi River which is mainly influenced by watershed
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Fig.4 Seasonal variation of EF values for nine trace metallic elements at five sites in the Red River
Table 5 Pearson correlation coefficients of different variables of surface sediment quality of the Red River
TP TSi TOC N pH Pb Zn Cu Cd Fe Cr Mn As Hg
TP 1

TSi —0.884%*F 1

TOC 0.690%*  —0.865%* 1

TN  0.728%%  -0.796** 0.768** 1

pH  0.287 -0.163 0.098 0.281 1

Pb 0.665%%  —0.720%* 0.665%* 0.620%* 0.133 1

Zn  0.628%%  —0.701%%* 0.665%* 0.559* 0.107 0.772%% 1

Cu  0.691%% —0.650%* 0.503* 0.478* 0.135 0.584** 0.124 1

Cd  0.266 -0.456% 0.434 0.436 0.135 0.713*%% 0.810%* —0.025 1

Fe 0.863%* —0.906%* 0.810%* 0.709** 0.185 0.749%* 0.697** 0.683** 0.467* 1

Cr 0.566** -0.482%  0.446* 0.319 0.311 0.521*% 0.508* 0428 0.262 0.650%* 1
Mn 0376 -0.568%% 0.538% 0.513* 0.101 0.364 0.330 0.343 0.431 0.485*% 0.154 1

As  0.632%*  —0.750%* 0.732%* 0.762%* 0.210 0.817** 0.531* 0.661%* 0.529* 0.718%* 0.419  0.622**

Hg  0.629%%  —0.701%* 0.665%* 0.559* 0.108 0.773*% 1.000%* 0.126 0.810%* 0.697%% 0.509* 0.331

1
0.532% 1

Bold: very strong correlation (>0.8); bold and italic: strong correlation (between 0.6 and 0.8); italic: good correlation (between 0.4 and 0.6); and

Regular: weak correlation (< 0.4)
**Correlation coefficient is significant at the 0.01 level (2-tailed)

*Correlation coefficient is significant at the 0.05 level (2-tailed)

lithology with only a minor contribution from the local The average pH value of the Red River sediment
human activities (Li et al. 2020) (Table 6). The mean EF and  (6.98 +0.24) was close to values observed in other tropi-

Igeo

values of sediment TME of the Red River were higher  cal river sediments such as the Sai Gon—Dong Nai (Nguyen

also than the Koshi River but were much lower than that has et al. 2018b), the Mekong River (Phung and Huynh 2015);
been observed in the urban To Lich River (Table 7). the Tirumalairajan (India) (Venkatramanan et al. 2015) or
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the urban Korotoa River (Bangladesh) (Islam et al. 2015)
(Table 8).

The mean TOC concentration of all Red River sediment
samples (0.43 +0.31%) was similar to that of other large
Asian rivers such as the Lanzhou Reach of the Yellow River,
China (Liu et al. 2009) or the Yangtze River (estuary) in
China (Li et al. 2013) (Table 8). This value, however, was
much lower than that of the urban rivers in Hanoi city, Viet-
nam: the To Lich (1.2-5.3%), the Kim Nguu (1.8-10.6%)
where most of the untreated domestic and industrial waste-
water from Hanoi city discharged (Nguyen et al. 2007; Mar-
cussen et al. 2008) or of the peri-urban river (Day river) in
North Vietnam (3.9-5.2%) (Trinh et al. 2012) or of the Sai
Gon-Dong Nai river estuary which runs through Ho Chi
Minh City in South Vietnam (3.28-3.48%) (Nguyen et al.
2018). Such high TOC values were also found for other riv-
ers in the World, for example, those of the Trirumalaijan
River (in India) in the rainy season (2.05-3.44%) (Venkatra-
manan et al. 2015) or in the urban river like the Korotoa
(Bangladesh) with the sediment TOC concentrations from
0.74 to 2.5% during winter and from 0.98 to 1.80% during
summer (Islam et al. 2015) (Table 8).

TN (0.09+0.04%) and TP (0.060 +0.018%) concentra-
tions of the Red River sediment were much lower than that
of the peri-urban Day River which receives a large amount
of domestic and industrial wastewater and agricultural runoff
(0.2-3.9% for TN and 0.12-0.17% for TP (Trinh et al. 2012))
(Table 8). The mean TSi concentration (29.9 +4.5%) in this
study was close to the values observed in the Ganges River,
India (31.2%) (Ramesh et al. 2000) but still higher than the
average value of the World river sediment (28.5%) (Mar-
tin and Meybeck 1979) and some other Asian rivers (the
Brahmaputra River (28.4%); the Indian average (24.5%))
(Ramesh et al. 2000).

Relationship between different variables
of sediment quality

Sediment pH exerts a strong influence on the solubility of
TME and on other sediment processes. High pH values
accelerate adsorption and precipitation processes, whereas
low pH weakens the strength of metal bonds with sediments
and reduces TME retention in sediments (Zhang et al. 2014).
Phung and Huynh (2015) found that TME concentrations in
the Mekong River's sediment were proportional to the pH
value (6.6-8.0). However, in our study, pH was near neutral
at all sites, and no significant relationship between pH and
TME was detected (Pearson correlation coefficients < (.3)
(Table 5).

The relationship between sediment TME concentrations
and salinity was also reported for some river cases, e.g. in
the Mekong River (Phung and Huynh 2015). It’s noted that
an increase of tidal water salinity may accelerate the release

capacity of TME from sediments in the absence of sulfur
leading to an increase in total TME concentrations in the
riverine water column (Du Laing et al. 2008). In the Red
River, sediment TME concentrations (except for Mn and
As) tended to increase toward the downstream section where
salinity increased (Ba Lat estuary) (Table 3).

Organic matter in river sediments plays an important role
in trapping and bonding TME. Martinez and McBride (1999)
demonstrated that organic matter can strongly absorb TME
but the decomposition process could create soluble organic
ligands (DOC) altering the state of the TME and affecting
its adsorption, mobility, toxicity, and bioavailability. Sedi-
ment rich in organic matter is more likely to be contaminated
with heavy metals. The sediment TOC concentrations of
the urban To Lich and Kim Nguu rivers where its low river
discharges (30 m> s~!) were observed, showed a remarkable
impact on sediment TME concentrations (As, Cd, Cr, Cu,
Pb, Zn) due to the important retention through the sorption
processes (Marcussen et al. 2008). In our study, TOC con-
centrations were low but showed a clear positive correlation
with some TME (Fe, Zn, Pb, As, and Hg) which may reflect
the less important retention through sorption processes in
the Red River surface sediments (Table 5).

Factors impacted on sediment quality

Influence of the urban, industrial production and mineral
mining

Various studies have demonstrated that point sources are an
important contributor to surface sediments of the World Riv-
ers (Islam et al. 2014, 2015; Huang et al. 2018). Many facto-
ries and urban domestic wastewater contaminated by TME,
nutrients, and organic pollutants discharge directly into the
river, causing spatial variation of sediment quality. This has
been observed in the Lanzhou reach of the Yellow River
(China) (Liu et al. 2009), the Korotoa River, Bangladesh
(Islam et al. 2015); the Hindon River, India (Chabukdhara
and Nema 2012) or rivers in the vicinity of the Thessaloniki
city, Greece (Karageorgis et al. 2003; Dhamodharan et al.,
2019), or in South Korea (Pandey et al. 2019), showing
the importance of industrial and urban waste for riverine
sediment quality. In Vietnam, an investigation into the sedi-
ments of the P6 K6 River (in Kon Tum province, Vietnam)
revealed that high sediment Pb (11.36-116.94 ppm) and Zn
(averaged 201.93 ppm) concentrations were due to the min-
eral mining/exploitation and domestic wastewater from Kon
Tum city, respectively (Nguyen et al. 2018a).

The total population of the Red River basin has rapidly
increased in both rural and urban areas over the last dec-
ades (Le et al. 2015), producing a large quantity of domestic
wastewater in some cities/provinces such as Hanoi (75.000
m?>.day™!); Bac Giang (51.000 m>.day~"); Bac Ninh (65.000

a
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Table 7 (continued)

Mn As Hg Reference

Cr

Zn Cu Cd Fe

Pb

River name, country  River description

—0.38 Zhao et al. (2018)

0.94

-1.92

1.8

0.56 —0.13 -0.74

Formed by three major

Pearl River delta,

China

rivers: Beijiang,

Xijiang and Dongjiang
river, in South China

Length of 13.5 km,

Nguyen et al.

0.1

-03

2.1 0.7 3.8

1.1

To Lich River,
Vietnam

(2015b)

30 m® s~!, basin area

of 77.5 km?)

river discharge of
Basin area of

+0.95 In this study

1+0 —2.67+0.56 —0.15£0.53 1.34+0.72 0.71+0

0.60+1.17

—-1.01+£0.95 0.35+0.90

0.62+0.75

Red River (China,

156,450 km?, length of

1149 km

Laos, Vietnam)

m?>.day~!); and Ninh Binh: (13.000 m>.day~') (MONRE
2019). Most of the domestic wastewater is directly dis-
charged into the hydrosystem, e.g. only 26.2% of the total
domestic waste was treated in Hanoi city in 2019 (MONRE
2019). Moreover, dense industrial parks with diverse indus-
trial production (paint and pigments, tanning, textile and
dyeing, paper production, batteries, chemicals and metal-
lurgical, chemical fertilizer, food processing, etc.,) also dis-
charge large volumes of wastewater into the hydrosystem
(Nguyen et al. 2015a; MONRE 2019). These industrial parks
are present in several provinces of the Red River basin such
as Thai Nguyen, Viet Tri, Lao Cai, Bac Giang, Hai Phong
and Hanoi. The Viet Tri Park (located next to the Thao-Da-
Lo conjunction) has a total industrial wastewater production
of 102,000 m3.day_1 and seven provinces (Hanoi, Vinh Phuc,
Hai Phong, Hai Duong, Hung Yen, Quang Ninh, and Bac
Ninh) in the Red River Delta region release about 155,055
m>.day~! (MONRE 2009). In addition, in the upstream Red
River, the exploitation of numerous mineral mines (carbon,
TME, phosphorus, etc.,) in both China and Vietnam has
been expanding (Le 2008; Nguyen et al. 2015a).

Comparing the spatial variation of the variables observed
in this study, the lowest values were found in the Da and
Lo sediments where population densities and industrial pro-
duction were much lower (Le et al. 2017). In contrast, the
highest values were found at the seaward Ba Lat site, at the
outlet of the Delta area. Finally, the higher values of Cu were
observed during the dry season may reflect the important
point sources for this element.

Influence of agricultural activities

Agricultural activities contribute pollutants to river systems
(Goel 2006; Laws 2017). Numerous authors have demon-
strated that fertilizers and pesticides used for different crops
have strong impacts on the water column and sediment
chemistry and ecosystem functioning (Mali et al. 2015;
Islam et al. 2015; Li et al. 2020). In the Red River basin,
the amount of chemical fertilizer used per hectare can attain
120-180 kg/year, an increase of 3—4 times compared to two
decades ago (Nguyen 2013), however, more than 55% of
applied chemical fertilizers are not being used by the crops
(Truong 2009). As concentrations over the permitted value
of the Vietnamese standards in the Red River sediment may
partly reflect the application of fertilizers and arsenical pes-
ticides on agricultural lands. This was also observed for the
downstream section of the Axios River, Greece where the
higher As concentrations were related to the wide use of
arsenical pesticides, herbicides, and crop desiccants in the
extensive rice fields (Karageorgis et al. 2003). In Bangla-
desh, the doubling of agricultural phosphate fertilizer use
from 1961 to 2000 considerably accelerated As contamina-
tion (Boreysza et al. 2006).

]
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Table 8 Nutrients, total organic carbon and pH values in surface sediment of different rivers in the World

River name, country TN (%) TP (%) TSi (%) TOC (%) pH References

Dagu River, China - - 0.056-0.192 - Dong et al. (2020)

Tét River, Gulf of Lions, 0.03+0.01 - 0.24+0.05 - Pruski et al. (2019)
France

Cross River, Nigeria 0.11-0.25 - 0.88-3.99 - Dan et al. (2019)

Shenzhen River, China 0.19+0.086 0.16 £0.058 1.7+0.70 - Wijesiri et al. (2019)

Ibrahim River, Lebanon 0.03-0.12 - 0.54-2.1 Ghsoub et al. (2020)

Conwy catchment, North ~ 0.00084 +0.00013 0.00021 +0.00005 0.0094 +£0.0016 4.75+0.05 Brailsford et al. (2019)

Wales, UK (upland)

Conwy catchment, North
Wales, UK (lowland)

Betwa river, India

0.00011+0.00008 0.00021 +0.00021

0.04-0.19

Ganges River, India - -

Yangtze River estuary, - -
China

To Lich River, (Red River - -
Delta), Vietnam

Day River (Red River
Delta), Vietnam

Phan River, Vietnam

0.21-0.39 0.12-0.17

0.028-0.084 0.05-0.08
0.08 +£0.05 0.06+0.02
World sediment average - -

Red River, Vietnam

299+4.6 045+0.3
28.5 - -

0.00072+0.00012 6.87+0.06 Brailsford et al. (2019)

0.64-1.05 8.5-8.7 Venkatesh and Anshumali
(2020)
31.2 - - Ramesh et al. (2000)
24.6-32.1 0.9-1.7 6.6-8.5 Yuan et al. (2014)
1.2-5.3 7.4-8.1 Marcussen et al. (2008)
3.94-5.21 - Trinh et al. (2012)
0.034-0.796 6.07-7.83  Tran (2016)

6.98+0.24 This study
Martin and Meybeck (1979)

Influence of climate and hydrological characteristics
on the sediment quality

Previous studies have pointed out that natural factors such
as air temperature, rain events and storms, river discharge,
and turbulence affect the exchange of pollutants between the
water and sediment compartments altering water and sedi-
ment quality (Deborde et al. 2007). In tropical river systems,
most of the suspended sediment load is transported during
the rainy season and high river discharge due to erosion and
weathering within the river basins (Li et al. 2020; van Maren
and Hoekstra 2004). Suspended sediments are known to be
associated with numerous elements. Park et al. (2011) exam-
ined the effect of climate variability on the surface water
quality of the Mekong River and found that the dissolved ion
concentrations tended to be higher during the dry periods,
whereas suspended sediment, dissolved organic matter and
poorly soluble metals were significantly higher during the
wet season. These authors also highlighted that rainfall vari-
ability is strongly linked to surface water quality in East Asia.

Our study showed the higher concentrations of sediment
TOC and some TME (Zn, Cd, and Hg) in the rainy season
that may be related to the strong erosion and weathering in
the basin. According to the latest IPCC report (2021), severe
daily precipitation events are predicted to grow by around
7% for every 1 °C increase in global warming. Air tempera-
tures are predicted to increase by 2 °C by the middle of this

]
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century and by 4 °C by the end of this century in Southeast
Asia (Amato and Hein 2014). An increase in air temperature
and rain events in the upcoming decades in Southeast Asia
may accelerate erosion and weathering processes, exacer-
bating pollutant discharge into hydrosystems (Zhang et al.,
2018).

In contrast, studies from some urban rivers, for example,
the Korotoa River in Bangladesh, revealed that the Cd and
Pb concentrations in sediment were greater during the dry
season due to their significant accumulation in sediment dur-
ing periods of low river discharge (Islam et al. 2014, 2015).
Similarly, the higher Cu concentrations observed during the
dry season in our work may be related to Cu precipitation in
the surface sediment during low river flow in the dry season.

Spatially, we found the highest TOC and some TME
concentrations at the Ba Lat site in the estuary and the low-
est values at the Hoa Binh site on the Da River (p <0.05).
This may also reflect the impact of the variable hydrological
regime. Low river flow in the flat deltaic river may provide
favorable conditions for the precipitation of suspended sol-
ids to the sediments, resulting in organic-rich sediments, as
has been reported for the Day River in the Red River Delta
(Trinh et al. 2012). In contrast, the lower concentrations of
most variables (except for Si) at the Hoa Binh site could
be explained by the higher river slope and higher river dis-
charge at this site, which may accelerate riverbed erosion,
leading to less accumulation of substances.
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In addition, as presented above, the surface sediment con-
centrations of TOC, nutrients (TN, TP), and some TME of
the Red River were much lower than in several Vietnamese
urban rivers or in other rivers in the world. We assume that
these lower concentrations in the Red River surface sediment
were due to the high river discharge causing strong erosion
and absorption/desorption process at the interface of riverine
water-surface sediment.

Influence of dams impoundment on spatial variation
of sediment quality

The dams are known to strongly impact downstream water
and sediment as a consequence of significant sediment and
associated elements deposition in the dams. In the Red
River, a series of hydroelectric dams in the upstream Red
River both in China and Vietnam have been constructed over
the last few decades (Wei et al. 2019b) significantly reduc-
ing riverine sediment concentration in the downstream river
(Dang et al. 2010; Vu et al. 2014; Le et al. 2020). Within the
three tributaries Da, Lo and Thao, our results show that the
TME, TOC and nutrients concentrations were always lowest
at the Hoa Binh site on the Da River downstream of numer-
ous large and medium-sized reservoirs in the mainstream of
the upstream part, whereas higher concentrations of almost
all elements were found in the Lo and Thao Rivers where
fewer reservoirs are constructed were observed. Similar
observations on the decrease of sediment TME concentra-
tions have also been reported for other rivers in the world.
For example, a significant amount of TME, especially Zn,
Pb, Cd, and Cr, associated with suspended sediment, was
retained by the Prochoma dam located on the Axios River
in Greece (Karageorgis et al. 2003).

Influence of lithological and geomorphological
characteristics on the sediment quality

Lithology and mechanical erosion also play a considerable
role in the export of different variables to riverine water
and sediment. Studies on the sediment quality of the Aliak-
mon River (Greece) have reported that natural weathering
of abundant ophiolites was the primary source of certain
TME (Cr and Ni) enrichment in the sediment, whereas
human activities had a little influence on the river system
(Economou-Eliopoulos and Vacondios 1995; Karageorgis
et al. 2003). Similar results were demonstrated for the trans-
Himalayan Koshi River where Cr, Co, Ni, and Zn were pri-
marily derived from the parent rock (Li et al. 2020).

In Asia, the high concentrations of some elements, nota-
bly Si, Fe and As are due to the geological formations rich
in these metals, particularly for the rivers situated in the

Himalayan region (Meybeck 1987; Barton et al. 2004; Berg
et al. 2007).

Previous studies demonstrated that the upstream
Red River was characterized by Paleozoic sedimentary
55.5-72.7%, by Mesozoic silicic (18.0-21.5%), and Meso-
zoic carbonated (14.7-16.7%) rocks, whereas alluvial depos-
its covered the delta area (Moon et al. 2007). The Si concen-
trations found in the Red River sediment in this study were
higher than the average value for the river sediment of the
world., This is probably due to its derivation from natural
rocks (silicate and carbonate) as well as being a reflection
of the high physical/chemical erosion rates in the upstream
Red River basin (Barton et al. 2004; van Maren and Hoek-
stra 2004).

High Fe concentrations (39,110 ppm) have also been
detected in the Red River Delta soils (Trinh et al. 2012)
(Table 6). This is also the case in the sediments of urban
rivers in the Red River Delta such as the To Lich—Kim Nguu
rivers (55,114 +£20,029 to 72,681 +221,282 ppm) (Marcus-
sen et al. 2008) and Day River (28,060—47,430 ppm). The
high sediment Fe concentrations observed along in the Red
River in this study, partly suggest a natural source probably
from the weathering processes of red laterite soils. This is
similar to what was observed for the high sediment Fe con-
centrations (4151.8-17,318.8 ppm) of the Hindon River,
India (Chabukdhara and Nema 2012).

Similarly, very high soil As concentrations, especially
in carboniferous rocks of the Himalayan region have been
previously reported (Polizzotto et al., 2006; Dang 2011).
The elevated rates of soil leaching and rock weathering in
this region have led to high As contamination in the river-
ine sediment and water. Thus, the abundance of Si, Fe and
As in the Red River sediment also supports the conclusion
that the geochemistry of large river sediments could provide
insights into the erosional processes (Ramesh et al. 2000; Li
et al. 2020).

The low I, and EF values in some hydrosystems may
provide insight into the natural inputs of some metals. For
example, in the Xiangjiang River, South China, some met-
als (Cr, Ni, and Co) with low Igeo values were found to be
derived from natural processes (soil erosion and rock weath-
ering) (Huang et al. 2020). In our study, the low values of
both Loy (<1) and EF (< 1.5) of some sediment metals (e.g.
Cr, Zn, and Mn) may also reflect their dominant natural
sources. Indeed, a previous study observed an increase in
some sediment metal (Cr, Fe and Al) concentrations together
with the increasing clay fraction from the upstream towards
the coast and highlighted the control of particle size on metal
concentrations as well as the role of natural weathering pro-
cesses in the Red River (Nguyen et al. 2016).
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Influence of a combination of natural characteristics
and human activities

In many cases, both anthropogenic and natural inputs were
responsible for exacerbating some metal concentrations in
riverine sediment. Some authors indicated that the nega-
tive relationship between observed variables was due to the
combination of geochemical support and mobility of the
sources, whereas the positive correlation may suggest com-
mon sources, mutual dependence, and identical behavior dur-
ing transportation (Liu et al. 2009; Singh et al. 2017). In our
study, sediment TSi showed clear negative correlations with
all other variables (TME, TOC, TN, and TP) concentrations,
whereas high positive correlations between some variables
(TOC with TN, TP, Zn, Pb, As, and Hg) (Pearson correlation
coefficients > 0.6) were observed (Table 5). It is probable that
silica in the Red River sediment was mainly derived from
natural sources, whereas other variables were probably origi-
nated from both natural and anthropogenic sources.

Regarding the seasonal variation of metal concentra-
tions, our results show a clear increase of some metals (Zn,
Cd, and Hg) in the rainy season in 2019 (Fig. 2), suggest-
ing the important contribution of the diffuse sources from
the parent rocks and agricultural land. The combination of
complex sources for Zn was also reported for the P6 Ko
River in Vietnam where high sediment Zn concentration
(mean: 201.93 ppm) was due to the erosion/leaching of
natural rocks containing high Zn metal, together with the
domestic wastewater source (Nguyen et al. 2018a). For some
other variables (e.g. TN, TP, Mn, Cr, and Pb), no signifi-
cant variation between their concentrations in the rainy and
dry seasons was observed (Fig. 2), probably reflecting their
complex sources. A clear positive correlation between some
TME and TOC and nutrients (TN and TP) (Table 5) sug-
gests the building of geochemical associations during their
transportation and their similar anthropogenic sources (e.g.
agricultural soils, industrial and domestic wastewater), as
has been observed in the Yunnan-Guizhou Plateau, China
(Zhang et al. 2018). Some authors observed high Fe con-
centrations in the Red River water and suggested that its
pollution source was due to a combination of natural char-
acteristics and human activities (e.g. mining exploitation,
industrial wastewater release) in the basin (Nguyen et al.
2015a; DONRE-Lao Cai 2011). This is similar to the situ-
ation for As where both natural input and anthropogenic
origins (the excess of fertilizers use in agricultural land,
untreated domestic and industrial wastewater...) have con-
tributed to As contamination, notably in the urban rivers in
the Red River delta (Nguyen et al. 2015a, b). This is simi-
lar to the case in Bangladesh where high As concentrations
were due to both lithological characteristics and a doubling
of phosphate fertilizer use for agriculture (Boreysza et al.
2006).

* @ Springer

The accumulation of metals and organic matter in sedi-
ment is known to affect benthic organisms and human health
through accumulation up the food web. Our results showed
that some TME (Pb, Cu, As, Hg) were at the effects range
low/median (ERL/ERM) proposed by NOAA (1999), thus
effective measures should be taken to minimize these metal
loads entering the Red River. In addition, our previous study
revealed the extent of human-induced impacts in the Red
River basin including increased population, industrial pro-
duction, and land-use change with the deforestation and the
modification of intensive cultivation practices over the past
decades (Le et al. 2015; 2018). With such trends of inten-
sifying human activities together with climate change, the
water and sediment quality of the Red River may be more
strongly impacted in the next decades. Thus, preventive
measures of environmental management, including waste-
water treatment, are needed to control the pollution sources
in this basin.

Conclusion

The TME average concentrations in the Red River sediments
in this study were in the decreasing order of Fe >Mn>C
u>7Zn>Pb>Cr> As>Cd>Hg. The concentrations of Fe
and As were higher than the allowed values of the Vietnam
National technical regulation on the surface sediment quality
QCVN 43:2017/BTNMT. Additionally, the geoaccumulation
index (1) and enrichment factor (EF) data also indicated
that the Red River sediments were polluted by As; moder-
ately contaminated with Cu, Pb, Cd, and Hg; and uncontami-
nated by other metals (Mn, Cr and Zn).

TOC (0.43+0.31%) TN (0.09 £0.04%) and TP
(0.060+0.018%) concentrations in Red River sediments
were low in comparison to some urban rivers, whereas the
TSi concentration (29.93 +4.52%) was high. The low con-
centrations of TOC, TN and TP in the Red River surface
sediment are probably explained by the high river discharge
which strongly impacts erosion and absorption/desorption
processes at the water—sediment surface interface, whereas
high TSi may reflect the basin lithological characteristics.

The lowest values of almost all variables were found at
the Hoa Binh site where the lowest population densities,
human activities, and highest river discharge were observed,
whereas most variables were highest at Ba Lat site, the out-
let of the Red River Delta where human activities clearly
impacted on Red River system. For the whole Red River
basin, the results show that the Red River surface sediment
was impacted by different sources from both natural pro-
cesses and human activities. Some variables (TSi, Zn, Cd,
and Hg) were dominated by diffuse sources; Cu was mainly
impacted by point sources, whereas other variables (TOC,
TN, TP, Pb, As Fe, Mn, and Cr) were affected by both diffuse
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and point sources in the basin. These results may help guide
better management decisions necessary for the sustainable
development of the Red River basin.

Our study did not investigate the speciation of metals
or the toxic organic substances of sediments which would
have provided a more accurate appraisal of the risk of the
pollutants in the aquatic ecosystems. In addition, long-term
observations of surface sediment quality are needed for the
understanding of the influence of intensified climate change
and human activities on the Red River system and on other
rivers in Asia.

Acknowledgements The authors would like to thank the financial sup-
ports of Vietnam's National Foundation for Science and Technology
Development (NAFOSTED-Vietnam) for Project No. 105.08-2018.317
(Le Thi Phuong Quynh) and the Asia-Pacific Network for Global
Change Research (APN) for the Project CRRP2019-10MY-Le.

Authors' contributions TPQL and NDL contributed to the study con-
ception and design. Material preparation, data collection, and analysis
were performed by TPQL, NDL, TTHH, ER-N, TAHN, LMD, TTD,
TMHP, TDN, TXBP, TQTN, THV, PTL, and VPP. The first draft of the
manuscript was written by TPQL and NDL, and all authors commented
on previous versions of the manuscript. All authors read and approved
the final manuscript.

Funding This study was financially supported by the Vietnam’s
National Foundation for Science and Technology Develop-
ment (NAFOSTED) (Project No. 105.08-2018.317), the Asia—
Pacific Network for Global Change Research (APN) (Project
CRRP2019-10MYLe).

Availability of data and materials Data can be made available from the
corresponding author upon request.

Code availability Not applicable.

Declarations

Conflict of interest The authors declare that they have no conflict of
interests that are relevant to the article content.

Consent to participate Not applicable.
Consent for publication Not applicable.

Ethics approval Not applicable.

References

Amato R, Hein D (2014) Southeast Asia climate analysis and model-
ling framework. https://www.metoffice.gov.uk/binaries/content/
assets/metofficegovuk/pdf/business/international/southeast_asia_
climate_analysis_and_modelling_framework.pdf

APHA (2017) Standard methods for the examination of water and
wastewater. Edited by Baird RB, Eaton AD and Rice EW. 23
edn. American Public Health Association, Washington

Barton AP, Fullen MA, Mitchell DJ, Hocking TJ, Liu L, Wu Bo Z,
Zheng Y, Xia ZY (2004) Effects of soil conservation measures
on erosion rates and crop productivity on subtropical Ultisols in
Yunnan Province, China. Agric Ecosyst Environ 104:343-357.
https://doi.org/10.1016/j.agee.2004.01.034

Berg M, Stengel C, Trang PTK, Pham HV, Sampton ML, Leng M
(2007) Magnitude of arsenic pollution in the Mékong and
Red River Deltas-Cambodia and Vietnam. Sci Total Environ
327:413-425

Bhuyan MdS, Bakar MA, Rashed-Un-Nabi Md, Senapathi V, Chung
SY, Islam MdS (2019) Monitoring and assessment of heavy
metal contamination in surface water and sediment of the Old
Brahmaputra River, Bangladesh. Appl Water Sci 9:125. https://
doi.org/10.1007/s13201-019-1004-y

Boreysza K, Fabrritius B, Laures C (2006) Arsenic pollution of ground
water in Bangladesh. Appl Hydrogeol 15:241-251

Brailsford FL, Glanville HC, Golyshin PN, Johnes PJ, Yates CA, Jones
DL (2019) Microbial uptake kinetics of dissolved organic carbon
(DOC) compound groups from river water and sediments. Sci
Rep 9:11229. https://doi.org/10.1038/341598-019-47749-6

Butturini A, Sabater F (1999) Importance of transient storage zones for
ammonium and phosphate retention in a sandy-bottom Mediter-
ranean stream. Freshw Biol 41:593-603

Cenci RM, Martin J-M (2004) Concentration and fate of trace metals
in Mekong River Delta. Sci Total Environ 332:167-182. https://
doi.org/10.1016/j.scitotenv.2004.01.018

Chabukdhara M, Nema AK (2012) Assessment of heavy metal con-
tamination in Hindon River sediments: a chemometric and geo-
chemical approach. Chemosphere 87:945-953. https://doi.org/
10.1016/j.chemosphere.2012.01.055

Chinadata (1998) Statistical yearbook of Yunnan. China Statistical
Publishing House, Beijing (Basic Information of Yunnan, China).
http://chinadatacenter.org

Dahm CN, Grimm NB, Marmonier P, Valett HM, Vervier P (1998)
Nutrient dynamics at the interface between surface waters and
ground waters. Freshw Biol 40:427-451

Dan SF, Liu S-M, Yang B, Udoh EC, Umoh U, Ewa-Oboho I (2019)
Geochemical discrimination of bulk organic matter in surface
sediments of the Cross River estuary system and adjacent shelf,
South East Nigeria (West Africa). Sci Total Environ 678:351—
368. https://doi.org/10.1016/j.scitotenv.2019.04.422

Dang TH (2011) Erosion and transfers of suspended solids, carbon
and metals in the Red River watershed from the China-Vietnam
border to the entry of the Delta. PhD thesis. Universite Bordeaux
1. 352 pp

Dang TH, Coynel A, Orange D, Blanc G, Etcheber H, Le LA (2010)
Long-term monitoring (1960-2008) of the river-sediment trans-
port in the Red River Watershed (Vietnam): temporal variability
and dam-reservoir impact. Sci Total Environ 408:4654-4664.
https://doi.org/10.1016/j.scitotenv.2010.07.007

Deborde J, Anschutz P, Chaillou G, Etcheber H, Commarieu M-V,
Lecroart P, Abril G (2007) The dynamics of phosphorus in
turbid estuarine systems: example of the Gironde estuary
(France). Limnol Oceanogr 52:862-872. https://doi.org/10.
4319/10.2007.52.2.0862

Dhamodharan A, Abinandan S, Aravind U et al (2019) Distribution
of metal contamination and risk indices assessment of surface
sediments from Cooum River, Chennai, India. Int J Environ
Res 13:853-860. https://doi.org/10.1007/s41742-019-00222-8

Dong Y, Li Y, Kong F, Zhang J, Xi M (2020) Source, structural char-
acteristics and ecological indication of dissolved organic mat-
ter extracted from sediments in the primary tributaries of the
Dagu River. Ecol Ind 109:105776. https://doi.org/10.1016/].
ecolind.2019.105776

DONRE-LaoCai (Department of Natural resource and Environment
of Lao Cai province) (2011) Observation of water quality

(]
’r @ Springer


https://www.metoffice.gov.uk/binaries/content/assets/metofficegovuk/pdf/business/international/southeast_asia_climate_analysis_and_modelling_framework.pdf
https://www.metoffice.gov.uk/binaries/content/assets/metofficegovuk/pdf/business/international/southeast_asia_climate_analysis_and_modelling_framework.pdf
https://www.metoffice.gov.uk/binaries/content/assets/metofficegovuk/pdf/business/international/southeast_asia_climate_analysis_and_modelling_framework.pdf
https://doi.org/10.1016/j.agee.2004.01.034
https://doi.org/10.1007/s13201-019-1004-y
https://doi.org/10.1007/s13201-019-1004-y
https://doi.org/10.1038/s41598-019-47749-6
https://doi.org/10.1016/j.scitotenv.2004.01.018
https://doi.org/10.1016/j.scitotenv.2004.01.018
https://doi.org/10.1016/j.chemosphere.2012.01.055
https://doi.org/10.1016/j.chemosphere.2012.01.055
http://chinadatacenter.org
https://doi.org/10.1016/j.scitotenv.2019.04.422
https://doi.org/10.1016/j.scitotenv.2010.07.007
https://doi.org/10.4319/lo.2007.52.2.0862
https://doi.org/10.4319/lo.2007.52.2.0862
https://doi.org/10.1007/s41742-019-00222-8
https://doi.org/10.1016/j.ecolind.2019.105776
https://doi.org/10.1016/j.ecolind.2019.105776

12494

International Journal of Environmental Science and Technology (2022) 19:12477-12496

statement of the Red River, section through Lao Cai province.
Monthly report of DONRE-LaoCai

Du Laing G, De Vos R, Vandecasteele B, Lesage E, Tack FMG,
Verloo MG (2008) Effect of salinity on heavy metal mobility
and availability in intertidal sediments of the Scheldt estuary.
Estuar Coast Shelf Sci 77:589-602. https://doi.org/10.1016/].
ecss.2007.10.017

Economou-Eliopoulos M, Vacondios I (1995) Geochemistry of
chromitites and host rocks from the Pindos ophiolite complex,
northwestern Greece. Chem Geol 122:99-108. https://doi.org/
10.1016/0009-2541(94)00154-Z

Gaillardet J, Dupré B, Allegre CJ (1999) Geochemistry of large river
suspended sediments: silicate weathering or recycling tracer?
Geochim Cosmochim Acta 63:4037-4051. https://doi.org/10.
1016/S0016-7037(99)00307-5

Ghsoub M, Fakhri M, Courp T, Khalaf G, Buscail R, Ludwig W (2020)
River signature over coastal area (Eastern Mediterranean): grain
size and geochemical analyses of sediments. Reg Stud Mar Sci
35:101169. https://doi.org/10.1016/j.rsma.2020.101169

Goel PK (2006) Water pollution: causes, effects and control. New Age
International, New Delhi

Ho HH, Swennen R, Cappuyns V, Vassilieva E, Neyens G, Rajabali M,
Van Tran T (2013) Assessment on pollution by heavy metals and
arsenic based on surficial and core sediments in the Cam River
Mouth, Haiphong Province, Vietnam. Soil Sediment Contam Int
J22:415-432. https://doi.org/10.1080/15320383.2013.733445

Huang S, TuJ, Jin Y et al (2018) Contamination assessment and source
identification of heavy metals in river sediments in Nantong,
Eastern China. Int J Environ Res 12:373-389. https://doi.org/10.
1007/s41742-018-0097-8

Huang Z, Liu C, Zhao X, Dong J, Zheng B (2020) Risk assessment of
heavy metals in the surface sediment at the drinking water source
of the Xiangjiang River in South China. Environ Sci Eur 32:23.
https://doi.org/10.1186/512302-020-00305-w

IPCC (2021) Summary for policymakers. In: Masson-Delmotte VP,
Zhai A, Pirani SL, Connors C, Péan S, Berger N, Caud Y, Chen
L, Goldfarb MI, Gomis M, Huang K, Leitzell E, Lonnoy JBR,
Matthews TK, Maycock T, Waterfield O, Yelek¢i R, Yu, Zhou
B (eds) Climate change 2021: the physical science basis. Con-
tribution of Working Group I to the Sixth Assessment Report
of the Intergovernmental Panel on Climate Change. Cambridge
University Press. In press. https://www.ipcc.ch/report/ar6/wgl/
downloads/report/IPCC_AR6_WGI_SPM.pdf

Islam MS, Han S, Ahmed MK, Masunaga S (2014) Assessment of
trace metal contamination in water and sediment of some rivers
in Bangladesh. J Water Environ Technol 12:109-121. https://doi.
org/10.2965/jwet.2014.109

Islam MS, Ahmed MK, Raknuzzaman M, Habibullah-Al-Mamun M,
Islam MK (2015) Heavy metal pollution in surface water and
sediment: a preliminary assessment of an urban river in a devel-
oping country. Ecol Indic 48:282-291. https://doi.org/10.1016/].
ecolind.2014.08.016

Karageorgis AP, Nikolaidis NP, Karamanos H, Skoulikidis N (2003)
Water and sediment quality assessment of the Axios River and
its coastal environment. Cont Shelf Res 23:1929-1944. https://
doi.org/10.1016/j.csr.2003.06.009

Laws EA (2017) Aquatic pollution: an introductory text, 4th edn.
Wiley, Hoboken

Le KT (2008) Study on the scientific basis and practical management of
water supply in dry season for the Red River Delta. Final report
of the national project

Le TPQ, Billen G, Garnier J, Chau VM (2015) Long-term biogeochem-
ical functioning of the Red River (Vietnam): past and present
situations. Reg Environ Change 15:329-339. https://doi.org/10.
1007/s10113-014-0646-4

=

’r @ Springer

Le TPQ et al (2017) Total organic carbon fluxes of the Red River
system (Vietnam): TOC fluxes of the Red River. Earth Surf Proc
Land 42:1329-1341. https://doi.org/10.1002/esp.4107

Le TPQ, Le ND, Dao VN, Rochelle-Newall E, Nguyen TMH, March-
and C, Duong TT, Phung TXB (2018) Change in carbon flux
(1960-2015) of the Red River (Vietnam). Environ Earth Sci
77:658. https://doi.org/10.1007/s12665-018-7851-2

Le ND, Le TPQ, Phung TXB, Duong TT, Didier O (2020) Impact
of hydropower dam on total suspended sediment and total
organic nitrogen fluxes of the Red River (Vietnam). Proc
Int Assoc Hydrol Sci 383:367-374. https://doi.org/10.5194/
piahs-383-367-2020

Lefebvre S, Marmonier P, Pinay G, Bour O, Aquilina L, Baudry J
(2005) Nutrient dynamics in interstitial habitats of low-order
rural streams with different bedrock geology. Arch Hydrobiol
164:169-191

Li X, Wang Y, Li B, Feng C, Chen Y, Shen Z (2013) Distribution and
speciation of heavy metals in surface sediments from the Yang-
tze estuary and coastal areas. Environ Earth Sci 69:1537-1547.
https://doi.org/10.1007/s12665-012-1988-1

Li X, Zhang Z, Wade TL, Knap AH, Zhang CL (2017) Sources and
compositional distribution of organic carbon in surface sedi-
ments from the lower Pearl River to the coastal South China Sea:
biogeochemistry of the Pearl River. ] Geophys Res Biogeosci
122:2104-2117. https://doi.org/10.1002/2017JG003981

Li M, Zhang Q, Sun X, Karki K, Zeng C, Pandey A, Rawat B, Zhang F
(2020) Heavy metals in surface sediments in the trans-Himalayan
Koshi River catchment: distribution, source identification and
pollution assessment. Chemosphere 244:125410. https://doi.org/
10.1016/j.chemosphere.2019.125410

Liu C, Xu J, Liu C, Zhang P, Dai M (2009) Heavy metals in the sur-
face sediments in Lanzhou Reach of Yellow River, China. Bull
Environ Contam Toxicol 82:26-30. https://doi.org/10.1007/
s00128-008-9563-x

Ludwig W, Probst JL, Kempe S (1996) Predicting the oceanic input of
organic carbon by continental erosion. Glob Biogeochem Cycles
10(1):23-41

Maazouzi C, Claret C, Dole-Olivier MJ, Marmonier P (2013) Nutrient
dynamics in river bed sediments: effects of hydrological distur-
bances using experimental flow manipulations. J Soils Sediments
13(1):207-219

Mali SS, Sanyal SK, Bhatt BP, Pathak H (2015) Water pollution and
agriculture. In: Pathak H, Bhatt BP, Gupta SK (eds) State of
Indian agriculture-water. National Academy of Agricultural Sci-
ences, New Delhi, pp 39—47

Manno E, Varrica D, Dongarra G (2006) Metal distribution in road
dust samples collected in an urban area close to a petrochemical
plant at Gela, Sicily. Atmos Environ 40:5929-5941. https://doi.
org/10.1016/j.atmosenv.2006.05.020

Marcussen H, Dalsgaard A, Holm PE (2008) Content, distribution and
fate of 33 elements in sediments of rivers receiving wastewater
in Hanoi, Vietnam. Environ Pollut 155:41-51. https://doi.org/10.
1016/j.envpol.2007.11.001

Marmonier P, Fontvieille D, Gibert J, Vanek V (1995) Distribu-
tion of dissolved organic carbon and bacteria at the interface
between the Rhone River and its alluvial aquifer. ] N Am
Bentholl Soc 14:382-392

Martin J-M, Meybeck M (1979) Elemental mass-balance of material
carried by major world rivers. Mar Chem 7:173-206. https://
doi.org/10.1016/0304-4203(79)90039-2

Martinez CE, McBride MB (1999) Dissolved and labile concentra-
tions of Cd, Cu, Pb, and Zn in aged ferrihydrite—organic matter
systems. Environ Sci Technol 33:745-750. https://doi.org/10.
1021/es980576¢

Meybeck M (1987) Global chemical weathering of surficial rocks
estimated from river dissolved load. Am J Sci 287:401-428


https://doi.org/10.1016/j.ecss.2007.10.017
https://doi.org/10.1016/j.ecss.2007.10.017
https://doi.org/10.1016/0009-2541(94)00154-Z
https://doi.org/10.1016/0009-2541(94)00154-Z
https://doi.org/10.1016/S0016-7037(99)00307-5
https://doi.org/10.1016/S0016-7037(99)00307-5
https://doi.org/10.1016/j.rsma.2020.101169
https://doi.org/10.1080/15320383.2013.733445
https://doi.org/10.1007/s41742-018-0097-8
https://doi.org/10.1007/s41742-018-0097-8
https://doi.org/10.1186/s12302-020-00305-w
https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_SPM.pdf
https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_SPM.pdf
https://doi.org/10.2965/jwet.2014.109
https://doi.org/10.2965/jwet.2014.109
https://doi.org/10.1016/j.ecolind.2014.08.016
https://doi.org/10.1016/j.ecolind.2014.08.016
https://doi.org/10.1016/j.csr.2003.06.009
https://doi.org/10.1016/j.csr.2003.06.009
https://doi.org/10.1007/s10113-014-0646-4
https://doi.org/10.1007/s10113-014-0646-4
https://doi.org/10.1002/esp.4107
https://doi.org/10.1007/s12665-018-7851-2
https://doi.org/10.5194/piahs-383-367-2020
https://doi.org/10.5194/piahs-383-367-2020
https://doi.org/10.1007/s12665-012-1988-1
https://doi.org/10.1002/2017JG003981
https://doi.org/10.1016/j.chemosphere.2019.125410
https://doi.org/10.1016/j.chemosphere.2019.125410
https://doi.org/10.1007/s00128-008-9563-x
https://doi.org/10.1007/s00128-008-9563-x
https://doi.org/10.1016/j.atmosenv.2006.05.020
https://doi.org/10.1016/j.atmosenv.2006.05.020
https://doi.org/10.1016/j.envpol.2007.11.001
https://doi.org/10.1016/j.envpol.2007.11.001
https://doi.org/10.1016/0304-4203(79)90039-2
https://doi.org/10.1016/0304-4203(79)90039-2
https://doi.org/10.1021/es980576c
https://doi.org/10.1021/es980576c

International Journal of Environmental Science and Technology (2022) 19:12477-12496

12495

MONRE (Vietnam Ministry of Environment and Natural Resources)
(1950-2015) Report annual on hydrological observation in
Vietnam, 1960-2015. Hanoi, Vietnam

MONRE (Vietnam Ministry of Natural Resources and Environment)
(2009) National report on Environment statement in 2009:
environment in industrial zones in Vietnam. Environmental
Resources and Map of Vietnam, Hanoi

MONRE (Vietnam Ministry of Natural Resource and Environment)
(2017) National Technical Regulation on Sediment Quality
QCVN 43:2017/BTNMT. http://vea.gov.vn. Accessed 3 June
2020

MONRE (Vietnam Ministry of Natural Resource and Environment)
(2019) National report on environment statement in 2018:
water environment in river basins. Environmental Resources
and Map of Vietnam, Hanoi

Moon S, Huh Y, Qin J, Nguyen VP (2007) Chemical weathering in
the Hong (Red) River basin: Rates of silicate weathering and
theircontrolling factors. Geochimica et Cosmochimica Acta.
71:1411-1430. https://doi.org/10.1016/j.gca.2006.12.004

Muller G (1969) Index of geoaccumulation in sediments of the Rhine
River. GeoJournal 2:108-118

Nguyen VB (2013) Improving the efficiency of fertilizer use in Viet-
nam. Presented at the Improve efficiency of fertilizer manage-
ment and use in Vietnam. Can Tho, Vietnam. 13-42 pp

Nguyen TLH, Otsubo M, Li L, Higashi T (2007) Mobility of heavy
metals in the sediment of the To Lich River and the Kim Nguu
River in Hanoi City. J Fac Agric Kyushu Univ 52:179-185.
https://doi.org/10.5109/9303

Nguyen MP, Kang Y, Sakurai K, Iwasaki K, Chu NK, Nguyen VN,
Le TS (2010) Levels and chemical forms of heavy metals in
soils from Red River Delta, Vietnam. Water Air Soil Pollut
207:319-332. https://doi.org/10.1007/s11270-009-0139-0

Nguyen TT, Tran DQ, Amano A, Hamaoka H, Tanabe S, Mai TN,
Omori K (2012) Historical profiles of trace element concen-
trations in mangrove sediments from the Ba Lat estuary, Red
River, Vietnam. Water Air Soil Pollut 223:1315-1330. https://
doi.org/10.1007/s11270-011-0947-x

Nguyen TBN, Nguyen TMH, Nguyen BT, Vu DA, Duong TT, Ho
TC, Le TPQ (2015a) Preliminary monitoring results on con-
tents of some heavy metals in the Red River system, Vietnam.
J Sci Technol 53:64-76

Nguyen TT, Yoneda M, Shimada Y, Matsui Y (2015b) Assessment
of trace metal contamination and exchange between water and
sediment systems in the To Lich River in inner Hanoi, Viet-
nam. Environ Earth Sci 73:3925-3936. https://doi.org/10.1007/
$12665-014-3678-7

Nguyen TTH, Zhang W, Li Z, Li J, Ge C, Liu J, Bai X, Feng H, Yu
L (2016) Assessment of heavy metal pollution in Red River
surface sediments, Vietnam. Mar Pollut Bull 113:513-519.
https://doi.org/10.1016/j.marpolbul.2016.08.030

Nguyen TO, Vu VT, Do TH, Hoang VH, Vu VD, Ha ST (2018a)
Assessment of heavy metals pollution in sediment in the Po
Ko River, Kon Tum province, Vietnam. Environ Adm Mag
1:43-47

Nguyen VP, Mai H, Nguyen TH (2018b) Assessment of metal pollution
(Cu, Pb, Cr) and As in Soai Rap estuary, Sai Gon - Dong Nai
river system, Vietnam. Environ Adm Mag 1:26-30

Niessen S, Mikac N, Fischer JC (1999) Microwave-assisted deter-
mination of total mercury and methylmercury in sediment and
porewater. Analusis 27:871-875. https://doi.org/10.1051/analu
sis:1999156

NOAA (National Oceanic and Atmospheric Administration) (1999)
Screening quick reference tables (SquiRTs), http://response.resto
ration.noaa.gov/cpr/sediment/squirt/squirt.html

Pandey M, Tripathi S, Pandey AK, Tripathi BD (2014) Risk assess-
ment of metal species in sediments of the river Ganga. CATENA
122:140-149. https://doi.org/10.1016/j.catena.2014.06.012

Pandey LK, Park J, Son DH, Kim W, Islam MS, Choi S, Lee H, Han
T (2019) Assessment of metal contamination in water and sedi-
ments from major rivers in South Korea from 2008 to 2015. Sci
Total Environ 651:323-333. https://doi.org/10.1016/j.scitotenv.
2018.09.057

Pansu M, Gautheyrou J (1998) Handbook of soil analysis: mineralogi-
cal, organic and inorganic methods. Springer, Berlin

Park JH, Inam E, Abdullah MH, Agustiyani D, Duan L, Hoang TT,
Kim KW, Kim SD, Nguyen MH, Pekthong T, Sao V, Sarjiya
A, Savathvong S, Sthiannopkao S, Syers JK, Wirojanagud W
(2011) Implications of rainfall variability for seasonality and
climate-induced risks concerning surface water quality in East
Asia. J Hydrol 400(3—4):323-332. https://doi.org/10.1016/j.jhydr
01.2011.01.050

Phung TD, Huynh TKT (2015) Study and assess the content of some
heavy metals in bottom sediments of the Mekong River. J Sci Ho
Chi Minh Pedagog Univ 9:119-129

Polizzotto ML, Harvey CF, Li G, Newville M, Fendorf S (2006) Solid-
phases and desorption processes of arsenic within Bangladesh
sediments. Chem Geol 228(1-3):97-111

Pruski AM, Buscail R, Bourrin F, Vétion G (2019) Influence of coastal
Mediterranean rivers on the organic matter composition and reac-
tivity of continental shelf sediments: the case of the Tét River
(Gulf of Lions, France). Cont Shelf Res 181:156—173. https://
doi.org/10.1016/j.csr.2019.05.009

Rashid MdH, Fardous Z, Chowdhury MAZ, Alam MdK, Bari MdL,
Moniruzzaman M, Gan SH (2016) Determination of heavy met-
als in the soils of tea plantations and in fresh and processed tea
leaves: an evaluation of six digestion methods. Chem Cent J 10:7.
https://doi.org/10.1186/s13065-016-0154-3

Ramesh R, Al R, Ramesh S, Purvaja R, Subramanian V (2000) Dis-
tribution of rare earth elements and heavy metals in the surficial
sediments of the Himalayan river system. Geochem J 34:295—
319. https://doi.org/10.2343/geochem;j.34.295

Rudnick RL, Gao S (2003) Composition of the continental crust.
In: Holland HD, Turekian KK (eds) Treatise on geochemistry.
Elsevier, Amsterdam, pp 1-64. https://doi.org/10.1016/B0-08-
043751-6/03016-4

Rulik M, Zavrelova P, Duchoslav M (2001) Decomposition of two
different POM types in surface water and within hyporheic sedi-
ments of a small lowland stream (Sitka, Czech Republic). Int Rev
Hydrobiol 86:487-500

Schmitt D, Saravia F, Frimmel FH, Schuessler W (2003) NOM-
facilitated transport of metal ions in aquifers: importance of
complex-dissociation kinetics and colloid formation. Water Res
37:3541-3550

Siqueira GW (2003) Study of heavy metals levels and other elements
in surface sediments at the Santos Estuarine System and Shelf
Coastal of the Amazon. PhD thesis, Sa”o Paulo University, Insti-
tuto Oceanografico, Brazil, p 386 (in Portuguese)

Strady E, Dang VBH, Némery J, Guédron S, Dinh QT, Denis H,
Nguyen PD (2017) Baseline seasonal investigation of nutrients
and trace metals in surface waters and sediments along the Sai-
gon River basin impacted by the megacity of Ho Chi Minh (Viet-
nam). Environ Sci Pollut Res 24:3226-3243. https://doi.org/10.
1007/s11356-016-7660-7

Singh KP, Malik A, Sinha S, Singh VK, Murthy RC (2005) Esti-
mation of source of heavy metal contamination in sediments
of Gomti River (India) using Principal Component Analysis.
Water Air Soil Pollut 166:321-341. https://doi.org/10.1007/
s11270-005-5268-5

Singh H, Pandey R, Singh SK, Shukla DN (2017) Assessment of heavy
metal contamination in the sediment of the River Ghaghara, a

o’
’r @ Springer


http://vea.gov.vn
https://doi.org/10.1016/j.gca.2006.12.004
https://doi.org/10.5109/9303
https://doi.org/10.1007/s11270-009-0139-0
https://doi.org/10.1007/s11270-011-0947-x
https://doi.org/10.1007/s11270-011-0947-x
https://doi.org/10.1007/s12665-014-3678-7
https://doi.org/10.1007/s12665-014-3678-7
https://doi.org/10.1016/j.marpolbul.2016.08.030
https://doi.org/10.1051/analusis:1999156
https://doi.org/10.1051/analusis:1999156
http://response.restoration.noaa.gov/cpr/sediment/squirt/squirt.html
http://response.restoration.noaa.gov/cpr/sediment/squirt/squirt.html
https://doi.org/10.1016/j.catena.2014.06.012
https://doi.org/10.1016/j.scitotenv.2018.09.057
https://doi.org/10.1016/j.scitotenv.2018.09.057
https://doi.org/10.1016/j.jhydrol.2011.01.050
https://doi.org/10.1016/j.jhydrol.2011.01.050
https://doi.org/10.1016/j.csr.2019.05.009
https://doi.org/10.1016/j.csr.2019.05.009
https://doi.org/10.1186/s13065-016-0154-3
https://doi.org/10.2343/geochemj.34.295
https://doi.org/10.1016/B0-08-043751-6/03016-4
https://doi.org/10.1016/B0-08-043751-6/03016-4
https://doi.org/10.1007/s11356-016-7660-7
https://doi.org/10.1007/s11356-016-7660-7
https://doi.org/10.1007/s11270-005-5268-5
https://doi.org/10.1007/s11270-005-5268-5

12496

International Journal of Environmental Science and Technology (2022) 19:12477-12496

major tributary of the River Ganga in Northern India. Appl Water
Sci 7:4133-4149. https://doi.org/10.1007/s13201-017-0572-y

Taylor SR, McLennan SM (1995) The geochemical evolution of the
continental crust. Rev Geophys 33:241. https://doi.org/10.1029/
95RG00262

Tran TC (2016) The Assessment of sediment quality and offers some
measures to control in downstream Phan River in Binh Xuyen
District, Vinh Phuc Province. VNU J Sci Earth Environ Sci
32:77-82

Trinh AD, Meysman F, Rochelle-Newall E, Bonnet MP (2012) Quanti-
fication of sediment-water interactions in a polluted tropical river
through biogeochemical modeling. Glob Biogeochem Cycles
26:2010GB003963. https://doi.org/10.1029/2010GB003963

Truong HT (2009) The effect of using fertilizers on the environment.
E-portal of the Ministry of Agriculture and Rural Development.
https://www.mard.gov.vn/Pages/anh-huong-cua-viec-su-dung-
phan-bon-den-moi-truong-417.aspx

US EPA (2000). United States Geological Survey (USGS) final report
for the U.S. Environmental Protection Agency (USEPA), Great
Lakes National Program Office (GLNPO). Prediction of sedi-
ment toxicity using consensus-based freshwater sediment quality
guidelines EPA 905/R-00/007 June 2000. https://archive.epa.gov/
regSsfun/ecology/web/pdf/91126.pdf, 33 pp

van Maren DS, Hoekstra P (2004) Seasonal variation of hydrodynam-
ics and sediment dynamics in a shallow subtropical estuary: the
Ba Lat River, Vietnam. Estuarine Coast Shelf Sci 60:529-540.
https://doi.org/10.1016/j.ecss.2004.02.011

Venkatesh M, Anshumali, (2020) Appraisal of the carbon to nitrogen
(C/N) ratio in the bed sediment of the Betwa River, Peninsular
India. Int J Sedim Res 35:69-78. https://doi.org/10.1016/j.ijsrc.
2019.07.003

Venkatramanan S, Chung S, Ramkumar T, Gnanachandrasamy G, Kim
TH (2015) Evaluation of geochemical behavior and heavy metal
distribution of sediments: the case study of the Tirumalairajan
river estuary, southeast coast of India. Int J Sedim Res 30:28-38.
https://doi.org/10.1016/S1001-6279(15)60003-8

Vervier P, Bonvallet-Garay S, Sauvage S, Valett HM, Sanchez-Perez
JM (2009) Influence of the hyporheic zone on the phosphorus
dynamics of a large gravel-bed river, Garonne River, France.
Hydrol Process 23:1801-1812

Vu DV, Ouillon S, Tran DT, La VC (2014) Impact of the Hoa Binh dam
(Vietnam) on water and sediment budgets in the Red River basin

=

’r @ Springer

and delta. Hydrol Earth Syst Sci 18:3987-4005. https://doi.org/
10.5194/hess-18-3987-2014

Walkley A, Black IA (1934) An examination of the Degtjareff method
for determining soil organic matter, and a proposed modification
of the chromic acid titration method. Soil Sci 37:29-38. https://
doi.org/10.1097/00010694-193401000-00003

WeiJ, Duan M, Li Y, Nwankwegu AS, Ji Y, Zhang J (2019a) Concen-
tration and pollution assessment of heavy metals within surface
sediments of the Raohe Basin, China. Sci Rep 9:13100. https://
doi.org/10.1038/s41598-019-49724-7

Wei X, Sauvage S, Le TPQ, Ouillon S, Orange D, Vinh VD, Sanchez-
Perez J-M (2019b) A modeling approach to diagnose the impacts
of global changes on discharge and suspended sediment concen-
tration within the Red River Basin. Water 11:958. https://doi.org/
10.3390/w11050958

Wijesiri B, Liu A, Deilami K, He B, Hong N, Yang B, Zhao X, Ayoko
G, Goonetilleke A (2019) Nutrients and metals interactions
between water and sediment phases: an urban river case study.
Environ Pollut (barking, Essex) 251:354-362. https://doi.org/10.
1016/j.envpol.2019.05.018

XLSTAT Addinsoft (2019) XLSTAT statistical and data analysis solu-
tion. Addinsoft, Boston

Yuan X, Zhang L, Li J, Wang C, Ji J (2014) Sediment properties and
heavy metal pollution assessment in the river, estuary and lake
environments of a fluvial plain, China. CATENA 119:52-60.
https://doi.org/10.1016/j.catena.2014.03.008

Zhang C, Yu Z, Zeng G, Jiang M, Yang Z, Cui F, Zhu M, Shen L, Hu
L (2014) Effects of sediment geochemical properties on heavy
metal bioavailability. Environ Int 73:270-281. https://doi.org/10.
1016/j.envint.2014.08.010

Zhang H, Huo S, Yeager KM, Xi B, Zhang J, Hea Z, Ma C, Wu F
(2018) Accumulation of arsenic, mercury and heavy metals in
lacustrine sediment in relation to eutrophication: impacts of
sources and climate change. Ecol Ind 93:771-780. https://doi.
org/10.1016/j.ecolind.2018.05.059

Zhao G, Ye S, Yuan H, Ding X, Wang J, Laws EA (2018) Surface sedi-
ment properties and heavy metal contamination assessment in
river sediments of the Pearl River Delta, China. Mar Pollut Bull
136:300-308. https://doi.org/10.1016/j.marpolbul.2018.09.035


https://doi.org/10.1007/s13201-017-0572-y
https://doi.org/10.1029/95RG00262
https://doi.org/10.1029/95RG00262
https://doi.org/10.1029/2010GB003963
https://www.mard.gov.vn/Pages/anh-huong-cua-viec-su-dung-phan-bon-den-moi-truong-417.aspx
https://www.mard.gov.vn/Pages/anh-huong-cua-viec-su-dung-phan-bon-den-moi-truong-417.aspx
https://archive.epa.gov/reg5sfun/ecology/web/pdf/91126.pdf
https://archive.epa.gov/reg5sfun/ecology/web/pdf/91126.pdf
https://doi.org/10.1016/j.ecss.2004.02.011
https://doi.org/10.1016/j.ijsrc.2019.07.003
https://doi.org/10.1016/j.ijsrc.2019.07.003
https://doi.org/10.1016/S1001-6279(15)60003-8
https://doi.org/10.5194/hess-18-3987-2014
https://doi.org/10.5194/hess-18-3987-2014
https://doi.org/10.1097/00010694-193401000-00003
https://doi.org/10.1097/00010694-193401000-00003
https://doi.org/10.1038/s41598-019-49724-7
https://doi.org/10.1038/s41598-019-49724-7
https://doi.org/10.3390/w11050958
https://doi.org/10.3390/w11050958
https://doi.org/10.1016/j.envpol.2019.05.018
https://doi.org/10.1016/j.envpol.2019.05.018
https://doi.org/10.1016/j.catena.2014.03.008
https://doi.org/10.1016/j.envint.2014.08.010
https://doi.org/10.1016/j.envint.2014.08.010
https://doi.org/10.1016/j.ecolind.2018.05.059
https://doi.org/10.1016/j.ecolind.2018.05.059
https://doi.org/10.1016/j.marpolbul.2018.09.035

	Surface sediment quality of the Red River (Vietnam): impacted by anthropogenic and natural factors
	Abstract
	Introduction
	Materials and methods
	Study site
	Sampling campaigns and laboratory analysis
	Laboratory analysis
	pH
	Trace metal elements
	Total organic carbon
	Nutrients (TN, TP and TSi)

	Calculation of different pollution indexes (geoaccumulation index (Igeo) and enrichment factor (EF))
	Igeo
	EF

	Statistical analysis

	Results and discussion
	Results
	Different variables of the Red River sediment quality
	Trace metal elements
	pH
	Total organic carbon TOC
	Nutrients

	Pollution index of the Red River sediment quality
	Pearson relation

	Discussion
	Sediment quality of the Red River
	Comparison with the sediment quality of other rivers in the world

	Relationship between different variables of sediment quality
	Factors impacted on sediment quality
	Influence of the urban, industrial production and mineral mining
	Influence of agricultural activities
	Influence of climate and hydrological characteristics on the sediment quality
	Influence of dams impoundment on spatial variation of sediment quality
	Influence of lithological and geomorphological characteristics on the sediment quality
	Influence of a combination of natural characteristics and human activities


	Conclusion
	Acknowledgements 
	References




