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ABSTRACT

The Red River (China/Vietnam, A = 155 000 %nis a typical humid tropics river
originating from the mountainous area of Yunan Rro® in China. Based on two sampling
campaigns covering the whole Viethamese waterghetDisites at low and high water levels
during 2009, the seasonal and spatial variatiomssafoncentrations in dissolved and particulate
phases were determined. The dissolved As conciemsain rainy seasonvere relatively lower
than indry seasonsuggesting the dilution effect of less arsenictaminated water. In contract,
the particulate As concentrations during low wédeel were clearly lower than that during high
water level, demonstrating a change phenomenors isofirce(s) with hydrology. In addition, in
order to assess spatial distribution of the As amimation in the Red River watershed and
localize geochemical anomalies, multidimensionatistical analyses combined with As maps
generated by GIS tool were used. The results shahetdthe highest As concentrations are
originated from the upstream catchment and strodglyrease from upstream to downstream.
Finally, the comparison between dissolved As cotmaiinns from the Red River watershed and
the national technical regulation on surface wa&ECVN 08:2008/BTNMT) indicated that the
quality of water in the Viethamese Red River wdtedscan be classified asor qualityin the
upstream part and asediocre qualityn the downstream part.

Keywords:Red River, Vietham, As concentrations, anomaly gwguality, GIS.

1. INTRODUCTION

Arsenic buildup in the environment is of increasit@ncern due to its high toxicity and
increasingly widespread occurrence [1, 2]. It igqulious in nature (i.e. freshwater; seawater;
soil, atmosphere, biosphere) and elevated levelse hasulted from both natural and
anthropogenic sources [3, 4, 5, 6]. Since sevaralucies, huge amounts of arsenic have been
introduced into the environment by anthropogentvéies such as mining, combustion of fossil
fuels or agriculture [3, 4]. Arsenic has become ajam environmental and human-health
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preoccupation. In the South Asia, many researches focused on As level because of within
the deltas in this area, widespread consumptiografindwater containing dangerous levels of
As adversely impacts tens of millions of peopldBangladesh, India, Cambodia, and Vietnam
[7, 8]. Stream sediments integrate geochemicalassgfrom the watershed upstream of the
sampling site and they are commonly used in enmerial studies to evaluate concentrations
of chemical elements in soils over wide areas ariddntity possible sources of anomalies such
as ore deposits (geochemical exploration) or aptigenic sources [5, 9, 10].

The Red River (Fig. 1), drainage in Himalaya, is time of largest rivers in the South-East
Asia and contributes significantly to the globatlisgent budget and water discharge to the
ocean [11, 12]. Much research has been done omdhgamination of heavynetalsin the
ground water, sediment and soil in the Red RiveteDia Vietham [8, 13, 14]. The metallic
contaminationhas posed a serious health threat to millions of pedpling in this area,
especially As. Dissolved arsenic concentratiordrinking water wells in this region can exceed
3050 pg/l [7], i.e. more than 300 times the natideehnical regulation on surface water of 10
png/l (QCVN 08:2008/BTNMT). The groundwater arsepidlution seems to be of natural origin
and caused by reductive dissolution of arsenicibgairon phases buried in aquifers [7].
However, the rapid intensification of industrialtigities including copper and lead casting,
phosphorous fertilizer production, chemical mantifdog, etc. have been indicated to have
introduced heavy metals into water and soil systeitlse Red River basin [16].
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Figure 1.Description of the Red River watershed and samtrategy: location of study
sites during two spatial sampling campaigns (blaaikits) and the sampling site coordinates.
Theblack dottedrepresents the China/Vietnam frontier.

Despite the known arsenic pollution affecting theumpdwater in the Red River Delta, little
information is available on particulate and dissdharsenic concentrations in the fluvial system,
especially in the upstream part causing conditafreccess to sites [11, 12]. This paper presents
the data of particulate and dissolved arsenic agragons obtained from 40 points throughout
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the Red River basin in Viethamese part in two @sting hydrological conditions during 2009:
high and low water levels. The objectives of thigly are to: (i) determine seasonal and spatial
As concentration variations; (ii) localize As andies in the Red River watershed and (iii)
characterize water quality in term of dissolved As.

2. MATERIALS AND METHODS
2.1. Area descriptions

The Red River system has a total watershed are6@000 kmz2, 50.3 % of which in
Vietnam, 48.8 % is situated in China and 0.9 %itisaged in Laos and includes a fertile and
densely populated delta plain (14,000 km?; Fig. The Red River originates from the
mountainous area of Yunnan Province in China, fla&&80 km south-eastward and then flows
through seven Vietnamese provinces before flowmg the Gulf of Tonkin in the South China
Sea. The red laterite soils are abundant in thisim@nous area and give the river its
characteristic color. The main tributaries of thedRRiver are the Da River, on the right bank,
and the Lo River, on the left bank. The Da Rives ha source in the Yunnan Province, near to
that of the upstream Red River, at an elevatioQG0&.

The Red River basin is characterized by two disteasons: the rainy season from May to
October and the dry season from November to Aquié to the South West monsoon in summer
and the North East monsoon in winter, respectivEhe rainy season is warm and very humid,
with mean temperatures ranging from 27 °C to 29Mtereas the dry season is cool and dry
with mean monthly temperatures ranging from 16 621t °C (Fig. 2). The average annual
rainfall in the Red River System is 1600 mm, wig% - 95 % of this falling during the summer
season.
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Figure 2.Description of monthly averages of temperature ewdischarge and rainfall of the Red
River. LW, HW: sampling spatial campaign at low dmigh water levels.Jource: [11]).

2.2. Data and methodology

781



Dang Thi Ha, Alexandra Coynel, Cecile Grosbois

Sampling frequency: During 2009, sampling campaigmese performed at 40 points
throughout the Vietnamegearts of the Red River watershed in two contrasting hiayical
conditions: low water discharge in Mars — April 20@ry season) and medium to high water
discharge in August - September 2009 (rainy seaBan;1 and 2). The coordinates of the
sampling location were recorded with a differenta&PS. At each site, the dissolved, stream
sediment samples were measured (Fig. 1). The cwued of thesampling sitesvere listed in
figure 1.

Sampling and Sample treatmeltater was manually sampled for dissolved trace Imeta
analysis at 2m from the riverbank and 50cm depthri®y— liter acid pre-cleaned poly-propylene
bottle previously rinsed with river water. Homogesd sample aliquots were filtered on site
using 0.2um Sartorius® cellulose acetate filteilitaffes were collected in 14cc polypropylene
tube, previously decontaminated and thoroughlyednsith the filtrate, acidified (HNQsuper
puregrade; 1 : 1000) and stored at 4 °C until analyj8%

Stream sediment samples were manually collectetdysplastic spatula, consisting of the
uppermost 1cm of sediment from several recent digmoal pockets within a distance of twenty
five meters. Stream sediment samples were siev@8 (m; nylon sieves) to remove coarse
material which was obviously not representativaypical grain size of suspended particulate
matter [5, 9].

Sample analyses: - Particulate phase digestiomeReptative sub-samples (~30 mg of dry,
powdered and homogenized material) were digestediosed Teflon reactor (Savillex®) on a
heating plate (110 °C in 2 h) using 750 pl HCI {L2super purg 250 pl HNQ (14 M, super
purg and 2 ml HF (22 Msuper pure After complete cooling, the digested solutionswa
evaporation to dryness. Each sample was broughd tml using 150ul HN@(14M super pure
and double deionized (milli-Q®) water [18, 20].

- Total dissolved andtotal particulate metal concentration analyses: Dissblemd
particulate metals were measured using ICP-MS (MERMO) with external calibration. After
each beach of five samples, a calibration blank @l calibration standard were measured to
control potential sensitivity variations. The aragl methods employed were continuously
guality checked by analysis of certified referesegliments (NCS DC 78301 and LGC 6178)
and river water (SRLS4, SRLS5 and TMRAIN). Accura@s within 5 % of the certified values
and the analytical error (relative standard dewigtiwas generally better than 5 % (relative
standard deviation) for concentration 10 times dighan detection limits.

- GIS Arsenic distribution analysis: In this stugye used Geographic Information System
(GIS; Mapinfo) to treat Topographical, geologicatal and metal/metalloid concentrations.
According to the coordinates of the sampling lawai of 40 sites in the hydrological network
during two specific campaigns, the limits and arefathe respective drainage basins have been
extracted. Arsenic concentrations were considesedeaerally representative of the watershed
area upstream from the sampling point.

3. RESULTS AND DISCUSSION
3.1. Variability of dissolved and particulate As cacentrations
The summary of the statistical parameters (inclgdive arithmetic mean, median, 10- and

90-centiles, minimum and maximum) describes valitgbof dissolved As concentrations
measured during high and low water levels from &@@ing sites in the Vietnamese part of the
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Red River watershed showing strong spatial vanati@-ig. 3). In low water level, the dissolved

As concentrations varied between 0.11 and 20.4 aryll its values varied between 0.08 and
14.1 pg/l in high water condition (Fig. 2). The eage dissolved As concentrations were
2.86 pg/l and 3.45 pg/l in high water and low wdearels, respectively, showing the slight

diminution of dissolved As concentrations in highter condition due to the dilution effect. This

dilution phenomenon of dissolved metal concentratiby water discharge was observed in
many rivers in the world such the Mekong [16], ¥edlow [21], the Garonne [4], the Amazone

[18] or the Mississippi [19].

Concerning to the As concentrations in the <63pautfon of the stream sediments from 40
points in the Red River watershed, As concentratimmnged between 2.46 and 612 mg/kg
(average value of 79.8 mg/kg) in high water leved detween 0.71 and 510 mg/kg (average
value of 58.2 mg/kg) in low water level. We notbdttthe As concentrations in the Red River
watershed were strongly higher than the world ayeralue (36 mg/kg) established by Viers et
al. (2009, [20]), even the hydrological conditiqfgy. 3).

In addition, it's very interesting to note that tAs concentrations in < 63 um fraction
duringdry seasormwere clearly lower than that durimginy seasonGenerally, particulate metal
concentrations in sediment tend to decrease witte@sing water discharges due to erosion of
less contaminated sediments (alluvial floor of th@nnel and bank deposits) and/or a higher
percentage of relatively coarse material and haen lveported for medium scale watersheds. In
contrast, increasing particulate concentrationsndurainy seasons compared to dry season is
more typical for small watersheds with importaninp@ources such as mining tailings [5]. For
the case of the Red River, the results suggesamagehin punctual As source(s) with hydrology
in rainy season (e.g. mining/industrial point sesréocated along the Red River basin and/or
plain erosion).
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Figure 3.Box plots of As concentrations of the Red Rivetwo specific campaigns during
low and high waters (HW and LW) in 2009.

3.2. Spatial distribution analysis assisted by Gl&ol
In order to determine As sources and identify thatial distribution of As concentrations
in the Red River basin, the As concentrations oabthifrom 40 sites in the whole Red River

watershed were used to establish the maps asbys®¢tS tool. For purposes of comparison, the
measured concentrations ranges were separatedfiirgoclasses. Each class represents
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concentration ranges <1, 1-2, 2-5, 5-10 and >1(edirthat of world average (noted Bn)
established by Viers et al. 2009 (Fig. 4).

The figure 4 show that the high arsenic anomaliesliésolved and particulate phases) are
observed in the upstream Red River in both highlawdwvater levels and may be due to natural
and/or anthropogenic sources in upstream partl8416, 17]). Furthermore, the study by Dang
et al. (2011, [21]) on mineralogical in-situ chaeazation of particle in mining-impacted stream
sediment allowed to identify the main As carrieapds and understand their fate on As mobility
in the studied system. The results obtained shaatdthe main As-bearing phase is highly
hydrated/hydroxyled products with variables (As) Eemposition (fermihydrite-type; [21]).
This massive health crisis is the product of a lcemice of processes initiated by the erosion of
As-bearing minerals in the Himalaya, transportedisients containing As-bearing iron oxides
down the Red River systems, and deposition asidskaiments.

Finally, we noted that the As concentrations irhdissolved and < 63um fractions in high
and low water conditions decrease from upstreadotenstream, suggesting the dilution effect
by water (dissolved phase) and by sediment (sedinpdrase) due to erosion of less
contaminated sediments in the more downstream patke watershed. These results show that
the highest As concentrations are originated froenupper Red River System. Future research
efforts need to characterize water quality (e.g.islissolved and particulate phases) with a
high temporal and spatial resolutions) in Chinese @s well their speciation (carrier phases) in
order to determine the natural and/or anthropogeaiorces and evaluate bioavailability and
eco-toxicological potential.

[As] < Bn

[As] = 1-2Bn

[As] = 2-5Bn

[As] =5-10Bn

[As] >10Bn

Figure 4.Spatial distribution of As concentrations in thedR&iver basin in sediment
(< 63 um)) and in water (dissolved < 0.2 um).
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3.3. Estimation of water quality

In general, the water sources of the Red Riverigtndm are not only significantly used
for industries and irrigation but also for domestamand, particularly in country-village (Le et
al., 2005). In order to evaluate the water qualdityhe Red River basin, the dissolved Arsenic
concentrations in the Red River watershed were eoeapto the national technical regulation on
surface water (QCVN 08:2008/BTNMTAs] = 10 pg/l). Based on this regulation, dissolved As
concentrations from the 40 points throughout the Réver basin in Viethamese part were
subdivided in four classes:[i\s] < 5 pg/l, ii)[As] = 5-10ug/l, (ii)[As] = 10 - 15 pg/l and (iv)
[As] > 15 pg/l. The results are presented as GIS-basgd in Figure 5 for high and low water
seasons.

The figure 5 shows that dissolved Arsenic concéintia exceeded the Viethamese limit
values of 10pg/l (QCVNO08:2008/BTNMT) in the upstre@art of the Red River in both high
and low water levels but also in the Da and Lo Rivie low water levelThe results of this
survey reveal that several million people of thel Réver basin are exposed to a risk of chronic
arsenic poisoning, particularly in the high mounteegion where surface water is used without
treatment for life activitiesThus, the management of water quality in the RegRvatershed is
very important and must be carried out in an irdesgt and holistic manner, acknowledging that
all elements of the environment are interrelated.
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Figure 5.Spatial distribution of dissolved Arsenic contaation levels based on the national
technical regulation on surface water (QCVNO8:2808MT).

4. CONCLUDING REMARKS

The main results of the seasonal and spatial i@m@&bf the dissolved and particulate As
concentrations in the Red River system in Vietnapestsshowed that:

- The dissolved As concentrations in high wateelewvere relatively lower than in low
water level, showing the dilution effect by watdsatharge. In contract, the particulate As
concentrations during low water level were cleddwer than that during high water level,
suggesting a change phenomenon in As source(s)hyitlology on As concentrations in the
Red River watershed in Vietnamese patrt.

- The highest As concentration anomalies are ldcet¢he upstream catchment (in China)
and strongly decrease from upstream to downstream.
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- Concerning to the water quality in term of dissal As, the quality of water in the

Vietnamese Red River watershed can be classifigtbas qualityin the upstream part and as
mediocre qualityin the downstream patrt.
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Dua trén cac & qua ham lrong kim laai asen (dng hoa tan vaol ling) thuduoc tir haidot
|Ay mau 40diém trén toandu wuc sdéng Hng ¢ Viét Nam vao mua khd va muawa trong am
2009, w bién dbi theo mua va theo khong gian hamotg As tréniru vuc séng kng da duoc
xac dinh. Cac Kt qua chi ra iing réu ham lrong As hoa tardo dugc trong mua ma thip hon
trong mua kho do Bn trong pha loéng & nuéc mua thi ngroc lai, ham krong As b ling trong
mua mra ki cao fon nhidu trong mua khd cho zﬁly sr thayddi cac ngon As o litng trong mréc
séng Hing theodiéu kién thay van. Hon thé, & xacdinh dwoc sr phan b theo khéng gian va
cacdiém di thuong (anomaly) hamubng As trén toan & luu wrc séng Hng ti Viét Nam,
chang t6ida sr dung phan tich thng kéda chiu két hop kan db bing cong @ GIS. Theodo,
ham krong As cao nfit do dugc phan b trén throng lwru cic séng va chingagh manh & phia
ha lyu. Diéu d6 cho thy ngwn goc kim laai As trong nréc séng Hing la tr thugng hru tai
Trung Quc. CWi cung, & so sanh gia hamirgng As hoa tan thduoc trén toandu wc sdng
Hong Wi quy chuin K thuit quc gia v chit luong nréc mit (QCVN 08: 2008/BTNMT) chra
rang chit lugng nréc (xét theo chtiéu As hoa tanjt ving throng hru trong déi xau vaé mic
trung binh 4i vang ha luu.

Tir khéa: Séng Hing, Viét Nam, mngdo As, d thuong, chit lwong nréce.
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