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ABSTRACT

The Red River (China/Vietnam) is one of the largest Asian tropical rivers. Based on daily
water discharge and suspended particulate matter (SPM) concentrations during the 2006 - 2009
period combining with the particulate organic carbon (POC) analyse at a permanent observation
station (SonTay, near Hanoi), the seasonal variability of POC concentration was determined.
The results showed that the % POC is generally quite low, varied between 0.62 % and 3.92 %
with a mean of 1.44 %. In addition, a relation log — log exponential decrease between the SPM
concentrations and POC contents (%) was observed, suggesting the dilution of both
allochthonous (plants and woody materials) and autochthonous (riverine plankton) organic
matter by mineral and clay materials from rock and soil erosion in the drainage area. In contrast,
the POC concentration of the Red River at SonTay showed a similar evolution with the SPM
concentrations. In fact, during the dry season, the monthly POC concentrations were low (0.91 +
1.25 mg/l) and increased during the rainy season (1.71 + 6.24 mg/l). Finally, we quantified the
annual POC flux exported by the Red River into the Delta to be 154 x 10* + 332 x 10° t/yr with
the mean annual of 243 x 10° t/yr.

Keywords: Red River, Vietnam, particulate organic carbon, seasonal variability, flux.

1. INTRODUCTION

Riverine input of carbon into the ocean is an important link in the biogeochemical cycling
of carbon between its two major pools: land and ocean [1, 2, 3, 4]. The quantity of carbon
transported by rivers is an important component of the global carbon cycle [5, 6, 7, 8, 9, 10]. In
recent years, the global carbon cycle and riverine carbon budget has been receiving more and
more attention, with regards to the past, present and future linkage between river carbon
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atmospheric CO; and climate and to their coupling with other major biogeochemical cycles as
nitrogen, phosphorus and sulphur [e.g. 11, 12, 13, 14, 15].

Among the total flux of carbon carried by global rivers (~1 Gt/yr), ~0.55 Gt is inorganic
carbon and ~0.45 Gt is organic form, of which 45 % of POC [16, 17]. A study on fluvial carbon
in tropical rivers by Probst and Ludwig [18] showed that more than 50 % of total POC flux load
to the ocean by Asian rivers because of the high sediment yields. More recently, Galy et al. [19]
showed that Himalayan Rivers is a significant component of the organic carbon budget of the
ocean: the modern burial flux of recent carbon organic generated by Himalayan erosion was
estimated at ~3.1 £ 0.3 x 10" mol/yr (i.e. 15 % of the global flux).

The Red River (China/Vietnam) is the one of largest rivers draining the Himalaya
Mountains into South-East Asia in terms both of water discharge (3800 m?/s) and suspended
particulate matter (SPM) load (24 — 200 Mt/yr) [20]. However, little information is available on
water biogeochemistry of the Red River [e.g. 21, 22]). This paper is based on daily water
discharge and SPM concentrations during the 2006 - 2009 period combining with the particulate
organic carbon (POC) analyse at a permanent observation station (Son Tay gauging station; data
from IMHE) near Hanoi, considered to be the entry point to the Red River Delta and located at
the upstream limit of the dynamic tide. The objectives of this study are to (1) describe temporal
variability of POC concentrations during high frequency sampling; (2) discuss POC origins (soil,
litter or autochthonous production) and (3) assess the contribution of the Red River to the POC
budget into the Gulf of Tonkin in the South China Sea.

2. MATERIALS AND METHODS
2.1. Area descriptions

The Red River system has a total watershed area of 169,000 km2, 50.3% of which in
Vietnam, 48.8 % in China and 0.9 % in Laos and includes a fertile and densely populated delta
plain (14,000 km?; Fig. 1). The Red River originates from the mountainous area of Yunnan
Province in China and flows 1200 km south-eastward before entering into the Gulf of Tonkin in
the South China Sea. The red laterite soils are abundant in the mountainous area and give the
river its characteristic red colour [32]. The main tributaries of the Red River are the Da River, on
the right bank, and the Lo River, on the left bank (Fig. 1). The Da River has its source in the
Yunnan Province, near to that of the upstream Red River, at an elevation of more than 2000m.

The Red River basin is characterized by two distinct seasons: the wet season from May to
October and the dry season from November to April, due to the South West monsoon in summer
and the North East monsoon in winter, respectively (Fig. 1). The summer season is warm and
very humid with mean temperatures ranging from 27 °C to 29 °C whereas the winter season is
cool and dry with mean monthly temperatures ranging from 16 °C to 21 °C (Fig. 1). The average
annual rainfall in the Red River System is 1600 mm, with 85 % - 95 % of this falling during the
summer season.
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Figure 1. Map of the Red River and its tributaries and description of monthly averages of
rainfall, temperature and water discharge at Son Tay site (data from [20]).

2.2. Data and methodology
2.2.1. Data collection

In this study, the available dataset is constituted by daily water discharge and SPM
concentrations measurements at the Son Tay station during the 2006 - 2009 period, supplied by
the Institute of Metrology, Hydrology and Environment in Vietnam (IMHE).

The annual discharge — weighted SPM concentration and POC concentration was
calculated from discharges and concentrations as follows:
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D (CiQi)
Ca =

_iz "

where: Ci, Qi are carbon concentration and water discharge of day i; Ca is annual discharge-
weighted of SPM or species carbon concentrations

2.2.2. Sampling frequency

During 2006 - 2009 period, different sampling frequencies were performed at the Son Tay
station: weekly sampling frequency during March 2006 — September 2007 and May — September
2009 and bi-monthly sampling frequency during January — November 2008

2.2.3. Sampling and Sample analyses

Water sample were collected using 2 L glass bottle. The samples were taken 15 — 20 cm
from the surface water and 2 m from the riverbank. Samples were filtered through pre-heated
and pre-weighted 0.70 um Whatman GF/F glass fiber filters for suspended particulate material
weight and particulate carbon. The filters were dried in an oven at 50 °C for 24 hours and
weighted to determine SPM concentrations. The filters were firstly treated with HCl 2N to
remove carbonates and dried at 60 °C for 24 hours. Particulate organic carbon analyse was
determined using a LECO CS 125 analyzer and carbon contents are expressed as a percentage of
dry weight of SPM. Analytical accuracy was better than 5 % [23, 24, 25].

3. RESULTS AND DISCUSSION
3.1. Results

3.1.1. Variation of water discharge and SPM concentrations dynamics of the Red River at the
Son Tay station

During 2006 - 2009, the inter-annual water discharge of the Red River at the Son Tay
station was 3593 m*/s, showing that the study period covered mean hydrological condition [4].

Concerning the SPM concentration, the daily SPM concentrations of the Red River at the
Son Tay station ranged from 2.4 to 2350 mg/l (Fig. 2). We noted that the highest values were
observed during the rainy season and closely linked to the variability of water discharge (Fig. 2).
The inter-annual SPM discharge-weighted concentration of the Red River varied between 144
and 232 mg/l with the mean value of 189 mg/l, which are generally observed in mountainous
headwaters and/or in low relief basins draining erodible rocks [3, 14].

3.1.2. Variation of Carbon concentrations of the Red River at the Son Tay station
The POC contents (expressed as percent of SPM) measured at the Son Tay station ranged
from 0.62 to 3.9 % (Fig. 2) with a mean value of 1.44 %. In addition, we noticed that in high

water conditions, % POC is relatively low and its values increase strongly when water level
decreases (Fig. 2).
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Figure 2. Evolution of water discharges, SPM concentrations and % POC of the Red River at
the SonTay station during 2006 - 2009 period.

As a comparison, the %POC measured in the Red River were comparable to those observed
in the other rivers located in Asia (Fig. 3): the Changjiang River (0.5 to 2.5 % with a mean of
1.26 %, [26]); the Xijiang River (0.88 % to 3.4 % with a mean of 1.22 %; [27]). They are higher
than those measured in the Brahmaputra River (0.6 % to 1.34 %, with a mean of 0.50 %; [12]) or
the Huanghe River (0.4 % to 1.3 % with a mean of 0.53 %; [28). As suspected, they are really
lower than those of a river from a tropical wet area, like the Congo River (4.0 - 11.5 % with a
mean of 6.5 %; [24]; Fig. 3).

The mean annual POC discharge-weighted concentrations for the 2006 - 2009 period of the
Red River at the Son Tay station ranged between 0.4 and 24 mg/l, with the mean value of
3.2 mg/l. We noted that this value is slightly lower than the average POC concentration of Asian
rivers estimated by Meybeck at al. [3] (4.5 mg/]).
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Figure 3. Distribution of mean annual POC contents in SPM of the world’s rivers clustered
by climate type (Source: [2, 3, 24, 26, 27, 28]).
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3.2. Discussion
3.2.1. Temporal variation of carbon concentrations
Monthly variation of POC concentration of the Red River at the Son Tay station

Based on the whole POC concentration analysis from high resolution sampling frequency
(weekly to bi-monthly) of the Red River at the Son Tay station, the monthly concentration of
POC concentration was calculated for the 2006-2009 period (table 1). We observed that the
monthly POC concentrations were low in dry season (from November to April) and its values
increased firstly in rainy season (from May to October). In fact, the POC concentrations varied
between 0.91 mg/l (observed in April) and 6.24 mg/l (observed in August) (table 1). These
results suggested that the POC concentrations evolution was closely linked to the hydrological
conditions, due to the soil erosion.

Table 1. Average monthly concentration (mg/1) of water discharge, SPM and POC during the
study period. n denotes number of samples.

Month | | l \" \' Vi vii VI IX X Xl Xl
Q (ms/s) 1499 1439 1243 1515 3023 4037 7668 6404 4407 3295 2825 1506
SPM (mg/l) 876 53.8 43.6 36.3 118 169 329 762 620 477 262 73.4
POC 1.25 1.05 1.09 0.91 1.71 2.40 2.56 6.24 5.38 5.28 2.79 1.04

n 9 6 12 16 21 13 56 38 17 13 16 7

In addition, the relationships between POC concentrations and water discharge showed a
counterclockwise loop (Fig. 4): at a similar discharge, POC values on the falling limb were
greater than the ones on the rising limb. This phenomenon have observed in many rivers in the
word and two processes can explain this loop type: (i) a relatively long travel time of the flood
wave and the POC flux between the flood source and the measuring station; (ii) a high soil
erodibility in conjunction with prolonged erosion during the flood [26]. This counterclockwise
pattern also has been observed for SPM in the Red River, showing a similar evolution of POC
concentrations with SPM concentrations (Fig. 4).
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Figure 4. Behaviors of monthly SPM and POC concentrations with monthly water discharge
of the Red River at Son Tay during 2006 - 2009 period.
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POC contents and SPM concentrations relationship

A relation log — log exponential decrease between the SPM concentrations and POC
contents (%) was established based on the whole data (Fig. 5). This relation is observed on many
streams and rivers of the world at individual measurements at a given station; on yearly or long-
term averages and on different basins comparison [2, 15, 29]. The trend of decreasing organic
carbon content with increasing SPM concentration can explain by the dilution of both
allochthonous (plants and woody materials) and autochthonous (riverine plankton) organic
matter by mineral and clay materials from rock and soil erosion in the drainage areas and by the
reduction of autochthonous POC, resulting reduced light penetration because of high turbidity
[30]. Ittekkot [5] reported that suspended particles in less turbid rivers contain more labile
fraction (30 — 45 %) in the total POC than particles in high turbid rivers (< 20 %). In addition,
Meybeck et al. [3] reported that highly turbid rivers (> 1000 mg/l) may carry an appreciable
amount of fossil POC.
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Figure 5. Relationship between % POC and SPM concentrations of the Red River at Son Tay
during the 2006 - 2009 period.

In order to calculate the distribution of difference POC pools, we devised three
distinguished classes (Fig. 5): at low SPM concentrations (< 100 mg/l), the organic fraction in
SPM is largest (~2.5 %), indicating the important distribution of autochthonous POC by riverine
primary production [3]; at medium SPM concentrations (100 - 1000 mg/1), the organic fraction is
less abundant (~1.14 %) and essentially litter/riparian POC dominating; while at high SPM
concentrations (> 1000 mg/l), the organic fraction is relative constant about of 0.5 %, showing
that the soil and sedimentary rock are a major source of organic carbon in these sample [9]. The
same threshold values of POC content in SPM concentration (0.6 = 0.2 %) were observed on the
Lanyang-His River in Taiwan when SPM concentration ranged from 1000 mg/l to 30 000 mg/1
[6]. Furthermore, by 14C analyse, Kao and Liu [6] demonstrated the fossil POC of such particle,
which presents 70 % of total organic carbon load by this river. This observation is used to
calculate the different carbon organic pools of the Red River.
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Finally, we noted that when we subtract the part of POC due to soil/rock material,
autochthonous material is about ~1.2 % of SPM. This value is relatively lower than other world
river of 4 % [31] and can explain by a small fraction of phytoplankton biomass on the particulate
organic carbon of the Red River [32].

* Carbon Budget of the Red River System

POC fluxes transported by the Red River were calculated from the daily water discharges
and SPM concentrations during 2006 - 2009 period based on the % POC-SPM relationship [e.g.
3, 14, 24, 33].

During 2006 - 2009 period, POC fluxes transported by the Red River to its delta varied
between 154x10° and 332x10° t/yr with the mean annual of 243x10° t/yr. Comparatively to
some other world rivers, the calculation of the specific POC fluxes (i.e. normalized annual POC
fluxes by the watershed areas to obtain specific POC fluxes (t/km?/yr), which allow comparing
the differ watersheds) show that the contribution of the Red River to the organic carbon flux to
the sea must be take into account. The specific POC flux is in the same order or higher than the
ones of the Asian Rivers (e.g. Yellow, Changjiang and Brahmaputra, Fig. 6).
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Figure 6. Comparison of specific POC flux in the Red River with some other world rivers.
[Data sources: 3, 23, 24, 31, 34, 35, 36].

4. CONCLUSIONS AND PERSPECTIVES

The four years (2006 - 2009) high-resolution dataset of water discharge, SPM concentration
combined with the carbon analyse (POC) of the Red River at the Son Tay station, show that the
POC concentration dynamics in the Red River was closely linked to water discharges and SPM
concentrations. However, the common inverse relationship between % POC and SPM
concentrations was observed. Even if the % POC of the Red River remains moderate, the
specific POC flux transported by the Red River is comparable to other rivers located in Asia
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(e.g. Ganges, Brahmaputra, Yellow and Changjiang Rivers), due to the high erosion rates of this
area. Future carbon studies should at the upstream part of the Red River watershed (e.g. at Lao
Cai) and at the both tributaries Da and Lo Rivers to better understand carbon source but also
carbon transport dynamic in the Red River system.
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TOM TAT

NGHIEN CUU SU BIEN DOl HAM LUQGNG CACBON HUU CO LO LUNG (POC)
THEO MUA TRONG NUGC SONG NHIET BOI CHAU A: VI DU TAI SONG HONG
(TRUNG QUOC/VIET NAM)

biang Thi Ha'"", Alexandra Coynel?, Henri Etcheber?, Didier Orange®, Pham Ngoc Anh Tu*

'Khoa Héa hoc va CNTP, Truong PH Ba Ria — Viing Tau
’Pai hoc Bordeaux 1, UMR CNRS 5805 EPOC, Phdp
3Vién nghién ciru va phdt trién, Phdp

“Cty Khoa hoc va Cong nghé, BUSADCO

“Email: lehal 645 @yahoo.com

S6éng Hong c6 ngudn gdc tir Trung Quéc chay qua Viét Nam trudc khi d6 ra bién Dong la
mdt trong nhirng sdng nhiét d6i Ion ¢ Chau A. Dya trén cic s6 liéu hang ngay tu 2006 dén 2009
luu Iugng nude (Q) va ham lugng chat ran lo lang (SPM) két hop voi s6 lidu phan tich ham
lugng cdc-bon lo lung (POC) trong nudc sdng Hong tai Son Tay, nghién ctu dé danh gid dlen
bién ham lugng POC trong nudc song Hong theo thoi gian. Céc két qua thu dugc da chi ra rang
ham lugng POC trong chat ran lo limg (% POC) tuong dbi thap, dao dong tir 0,62 % dén 3,92 %
voi ham luong trung binh 1a 1,44 %. Hon thé, mbi tuong quan ti 1¢ nghich gitra ham luong SPM
va % POC d chi ra rang hién tuong pha lodng céc chat hitu co trong nudc (céc chét hitu co dang
allochthonous va autochthonous) béi cdc khodng va sét dén tir qua trinh x6i mon dat dd. Nguoc
lai, su bién d6i ham lugng POC (mg/1) trong nudc song Hong lai ti 1¢ thuan véi ham luong SPM.
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Cu thé 1a trong miia kho, ham lugng POC (mg/l) thap (0,91 + 1,25 mg/l) va ham luong nay ting
dang ké trong miia mua (1,71 + 6,24 mg/l). Cudi ciing, nghién ciru ciing chi ra rang hang nam,
song Hong chuyén tai tir 154x10° + 332x10° tAn/ndm céc-bon hiru co lo limg vai tai luong trung
binh la 243x10° tin/nam.

Tir khéa: Séng Hong, Viét Nam, cdc-bon hitu co lo limg, bién ddi theo miia, tai lugng.
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