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Abstract — The physical (temperature, conductivity and turbidity) and chemical water qual-
ity (Oo, pH, conductivity, nutrients, major anions and cations) characteristics have been

monitored in the Nam Theun 2 system (hydroelectric reservoir and rivers downstream) for
the first 5 years after impoundment. The results emphasize that the impoundment of the
reservoir induced a substantial modification of the water quality in the whole aquatic system
which is partially controlled by the hydrodynamics in the reservoir. During the warm sea-
sons, the reservoir water column is thermally stratified with a warm oxic epilimnion and a
colder anoxic hypolimnion. During the cold dry season or during floods, the reservoir water
column over-turns which enhances oxygen penetration down to the bottom waters and con-
tributes to a global improvement of the water quality. Downstream of the reservoir, the oxy-
gen level was always above the minimum requirement for aquatic life due to the specific
design of the water intakes at the Nakai Dam and upstream of the Power House which both
favour the withdrawal of a large proportion of oxygenated epilimnic waters. Over the five
years, the water quality in the reservoir itself globally improved. However, the diversion of
the Nam Theun River into the Xe Bang Fai watershed via the reservoir has impacted the Xe
Bang Fai River in terms of temperature, conductivity and total suspended solids.

Key words — Nam Theun 2, physico-chemical water quality, sub-tropical reservoir,
hydropower, limnology

* Figures SI-1-SI-6 and Tables SI-I-SI-IV are available at the address: www.hydroecologie.org

Article publié par EDP Sciences


http://publications.edpsciences.org
http://dx.doi.org/10.1051/hydro/2015001

2 V. Chanudet et al.

Résumé — Les caractéristiques physiques (température, conductivité et turbidité) et
chimiques (O, pH, nutriments, anions et cations majeurs) de I'eau du systéme Nam Theun
2 (réservoir et rivieres a I'aval) ont été suivies au cours des 5 premiéres années suivant la
mise en eau. Les résultats montrent que la qualité d’eau a subi des changements substantiels
dans le réservoir. Ces changements sont en grande partie contrélés par I'hydrodynamique
du réservoir. Au cours des saisons chaudes, le réservoir est stratifié thermiquement avec un
épilimnion chaud et un hypolimnion plus froid et généralement anoxique. Lors de la saison
froide ou suite a une crue, la colonne d’eau se mélange ce qui permet la pénétration d’oxy-
géne jusqu’au fond de la retenue et contribue & 'amélioration globale de la qualité d’eau. A
I'aval du réservoir, le niveau d’oxygénation a toujours été supérieur au minimum requis pour
la vie aquatique. Ceci grace au design spécifique des prises d’eau au barrage (débit réservé)
et en amont de l'usine qui favorise 'entonnement d’une grande proportion d’eau issue de
I'epilimnion. Sur les 5 années de suivi, la qualité d’eau du réservoir lui-méme s’est globale-
ment améliorée. Cependant, la dérivation de la Nam Theun dans le bassin versant de la Xe
Bangfai via le réservoir a impacté cette derniére riviere en termes de température, conduc-
tivité et de matieres en suspension.

Mots clés — Nam Theun 2, qualité d’eau physico-chimique, réservoir sub-tropical,

hydroélectricité, limnologie

1 INTRODUCTION

The transformation of a riverine
system into a lacustrine one induced
by the creation of a reservoir modifies
key hydrodynamic parameters such
as water depth, current velocity, reten-
tion time, stratification or turbulences.
Such changes often lead to a modifi-
cation of the physico-chemical water
quality. Among the main conse-
quences observed worldwide, the
build-up of dams may favour water
temperature increase, depletion of oxy-
gen associated with an increase of
reduced dissolved compound (NH,4*,
Fe2*, Mn?*, H,S, CH,...) and modify
the sediment balance in the rivers
downstream of the dams (sediment
deficit impacting habitats and geomor-
phology) (Baxter, 1977; Galy-Lacaux
etal., 1997; Morris, 1998; Richard
etal, 1997; Bergkamp etal., 2000;
McCartney etal, 2001; Friedl &
Wiest, 2002; Kummu & Varis, 2007).

The decrease of oxygen concentra-
tion occurs mainly in bottom layers,
close to the water-soil/sediment inter-
face. This degradation is the result of
the decomposition of the organic mat-
ter present in the flooded soil and veg-
etation and in the water from the water-
shed (Baxter, 1977; Galy-Lacaux et al.,
1999; McCartney etal., 2001; Abril
etal, 2005; Guérin etal, 2008).
Oxygen consumption may be also
enhanced when reservoirs flood soils
rich in nutrients (fertilized agricultural
soil) or iron (tropical lateritic soils) for
instance. These processes are all the
more significant in tropical and sub-
tropical areas where high temperatures
boost chemical processes (Barros
etal., 2011). In Lao People’s Demo-
cratic Republic (Lao PDR), the scarce
physico-chemical water quality meas-
urements available for the Nam Ngum
Reservoir a few months after impound-
ment (Beeton, 1991) and for the Nam
Leuk Reservoir (unpublished data)
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have shown oxygen depletion at the
bottom.

Another consequence of the degra-
dation of the soil organic matter is the
release of nutrients (nitrogen and phos-
phorus) in the water column. This sud-
den input of nutrients may enhance pri-
mary productivity which affects the
oxygen dynamics, the whole food
chain, the aquatic population dynamics
as well as local use (fishing, water con-
sumption...). Moreover, the freshly pro-
duced organic matter enhances the
oxygen consumption. This trophic
upsurge is commonly observed in
recently flooded reservoirs in the
Amazonian Basin (Vaquer et al., 1997,
Agostinho et al., 1999; Gunkel et al.,
2000). In Eastern Asia, many recent
studies deal with physico-chemical
water quality including primary produc-
tion, in the newly impounded Three
Gorges Reservoir (e.g. Yang etal.,
2006; Yang et al., 2007; Mdller et al.,
2008; Tullos, 2009; Dai etal., 2010;
Chen et al., 2011). Since the impound-
ment of Three Gorges Reservoir in
2003, substantial algae blooms have
been observed, particularly during the
spring dry season (Cai & Hu, 2006;
Tang et al.,, 2006). At this stage, it is
unclear whether changes in primary
production are a response to the
decline in physico-chemical water qual-
ity or adaptations to the flow regime.
Some authors claim that overall water
quality was not degraded in certain res-
ervoirs, partly due to the low retention
time of water (Cai & Hu, 2006). On the
other hand, other studies found that the
nutrient loads have been modified in
the reservoir (Liu et al., 2004) and in
the downstream river (Gong etal.,
2006) due to enhanced soils/sediment

releases. The trophic upsurge, associ-
ated with a global degradation of the
physico-chemical water quality, is rapid
due to the fast decomposition of the
labile organic matter and the mobiliza-
tion of compounds from the soils.
Although oxygen demand and nutrient
levels generally decrease over time as
the organic matter decreases, some
reservoirs require a period of more than
20 years for the development of stable
water quality regimes (Baxter, 1977;
Gunkel et al., 2000).

Changes of oxido-reduction condi-
tions in recently flooded soils lead to a
modification of the speciation of the
compounds initially present in soils.
Some species of iron, manganese or
arsenic for instance can be mobilized
from the soil in the water column (Young
& Ross, 2001; Peretyazhko & Sposito,
2005; Burton et al., 2008). The release
of these elements may have environ-
mental impacts, especially in the down-
stream rivers. For instance many stud-
ies related to the effects of iron on the
survival, mortality (Gerhardt, 1994), or
the reduction of the total diversity of
aquatic invertebrate communities are
discussed in the literature (Beltman
etal., 1999; Freund & Petty, 2007;
Lampert & Sommer, 2008). In tropical
areas, the presence of iron-rich soils
(lateritic) may enhance this issue.

The assessment of the processes of
physico-chemical water quality degra-
dation — and recovery — in recently
flooded reservoirs requires extensive
and long-term monitoring. Examples of
published pluri-annual monitoring are
few, especially in tropical areas (Abril
et al., 2008). During the last two dec-
ades, available studies in tropical res-
ervoirs mainly focused on greenhouse
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gases emissions and are mostly located
in the Amazonian area (Galy-Lacaux
et al., 1997; Abril et al., 2005; dos Santos
etal, 2005; Kemenes etal, 2007;
Roland etal., 2010) or China (Chen
etal, 2009). In South East Asia and
especially in Lao People’s Democratic
Republic (Lao PDR), only little data is
available for the Nam Ngum (Beeton,
1991) and Nam Leuk Reservoirs (unpub-
lished data) or from other reservoirs in the
Mekong River Basin (Bergkamp et al.,
2000).

The Nam Theun 2 (NT2) Reservoir
(Lao PDR) was impounded in April
2008. From this date, a comprehensive
program has been implemented to
monitor and model the NT2 Reservoir
bio-physico-chemical water quality
(Descloux et al., this issue-a). The
present article focuses on physico-
chemistry for the first 5 years of the res-
ervoir, supplementing studies on GHG
(Deshmukh, 2013; Serca et al., this
issue) and biology (bacteria, phyto-
plankton, zooplankton and fishes). The
objectives of the paper are to i) assess
the changes in physico-chemistry of
the water in the Nam Theun 2 Reser-
voir as compared to pre-impoundment
conditions (Nam Theun River) and to
other tropical reservoirs with a special
attention paid to iron as it appeared to
be a significant issue some months
after the impoundment; ii) assess the
effects of the diversion of water from
one watershed to another one and iii)
assess the effects of the modifications
of the flow regime in the Xe Bangfai
River on seasonal distribution of total
suspended solids.

2 MATERIAL AND METHODS
2.1 The Nam Theun 2 system

A detailed description of the system
can be found in Descloux et al., (this
issue-a). The NT2 Reservoir is located
in Lao PDR on the Nakai Plateau
(Khammouane Province) (Fig. 1). The
damming of the Nam Theun River led
to the formation of a 489 km? reservoir
(average depth of 8 m and maximum
volume of 3.9 billion m3), at full supply
level (538 m above sea level). The min-
imum environmental flow at the Dam is
2m3.s!. The water coming from the
Nam Theun River watershed is with-
drawn in the southwest part of the res-
ervoir (close to RES9) and released in
the Xe Bangfai watershed. The mean
annual inflow is 238 m3.s™, distributed
among tributaries in the eastern moun-
tains. The main tributaries are the Nam
Xot, Nam Theun and Nam On Rivers.
Since the commissioning in March
2010, the water is withdrawn from the
NT2 Reservoir through the Power
House with a discharge (Q) ranging
from 0 to 333 m3.s”!. The NT2 Reser-
voir is characterized by large seasonal
water level changes which results in a
drastic reduction in the reservoir sur-
face area at the end of the dry season.

Downstream of the Power House,
water is sent to a Regulating Pond
through a Tailrace Channel of 340 m
long and a 345 mds' capacity
(Descloux et al., same issue-a). The
Regulating Pond buffers the turbinated
flows on a daily and weekly scale and
receives natural tributaries of the Nam
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Fig. 1. Location of the NT2 site and monitoring stations (Descloux et al., same issue-a).
Fig. 1. Cartographie du site de NT2 et des stations de suivi (Descloux et al., same issue-a).
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Kathang River (Nam Kathang Noy and
Gnai). Downstream of the Regulating
Pond, two outflows have been con-
structed: (i) a riparian release to the
Nam Kathang with an outflow corre-
sponding to the natural inflow (mini-
mum environmental flow of 0.2 m3.s'1).
The Nam Kathang flows into the Nam
Gnom River approximately 5 km from
the Regulating Dam, (i) the main
release through a 27 km long Down-
stream Channel towards the Xe Bang-
fai River (Fig. 1). The Downstream
Channel is composed of rocks and soil
and can evacuate a maximum flow of
330 m3.s™'. Discharges in these sys-
tems are shown in Figure 2.

The climate is moist sub-tropical
with a warm-wet (WW) season (mid-
June to mid-October), a cool-dry (CD)
season (mid-October to mid-February)
and a warm-dry (WD) season (mid-
February to mid-June).

2.2 Monitoring data

Physical and chemical parameters
listed in Table | were measured weekly,
fortnightly or monthly between April
2008 and April 2013 at each monitoring
station (Descloux et al., this issue-a).
The analytical methods, with the asso-
ciated limits of detection and uncertain-
ties are summarized in Table I. In the
reservoir, between 3 and 6 samples
were taken (peristaltic pump or sam-
pling bottle) at each sampling point
according to the thermocline and oxy-
cline depths. In the rivers, only surface
water was collected (grab sampling).
Sampling was usually done between
10 a.m. and 2 p.m. local time (UTC
time).

2.3 Data treatment

All differences between values
have been statistically tested with one
way analysis of variance (ANOVA) with
the software SigmaPlot®. The Holm-
Sidak test has been used for pairwise
comparisons. The overall significance
level is 0.05.

Fluxes were estimated with the
program FLUX (1999) from concen-
tration data and continuous flow
records. According to the quality of the
relationship between log(concentra-
tion) and log(flow), the user selects the
most appropriate calculation method
(Walker, 1999). When the correlationis
good, a method whereby the concen-
tration/flow regression equation is
appliedindividually to each daily flow is
used. Otherwise, load is estimated by
multiplying the flow weighted average
concentration by the mean flow over
the relevant period. A more detailed
description of the procedure is availa-
ble in Chanudet & Filella (2007).

In the box plots, the continuous line
indicates the median and the dotted
line the average. The bottom and top of
the box are the 25th and the 75th per-
centiles while whiskers indicate the
10th and 90th percentiles.

3 RESULTS

3.1 Tributaries of the Nam Theun 2
Reservoir

The temperature was the same for
the three rivers during the WD
[20.3 °C-32.0 °C] and WW [20.8 °C—
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Fig. 2. Average daily discharge (m3.s'1) in the Nam Theun River downstream of the Reservoir, in the
Downstream Channel, downstream of the Power House, in the Nam Kathang River through the Regu-
lating Pond releases and in the Xe Bangfai River at Mahaxai, downstream of the confluence with the
Downstream Channel (Descloux et al., same issue-a).

Fig. 2. Débits moyens journaliers (m3.s™!) dans la riviere Nam Theun en aval du Réservoir, dans le
Downstream Channel en aval des turbines, dans la Nam Kathang en aval du Regulating Pond, et dans
la Xe Bangfai a Mahaxai en aval de la confluence avec le Downstream Channel (Descloux et al., same
issue-a).
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30.5 °C] seasons. It decreased signifi-
cantly in the three rivers during the CD
season, ranging from 17.6 to 28.8 °C,
but did not differ between the rivers
(Fig. SI-1). Dissolved oxygen was also
similar between the rivers and the sea-
sons [4.40-10.36 mgO,.L™", 55-124%
of saturation], except in the Nam On
River where a lower concentration was
measured during the CD season
[1.49-8.97 mgO,.L'", 17-105%]. The
pH in the Nam Xot and Nam Theun
Rivers were similar throughout the year
[5.66—8.60] whereas it was lower in the
Nam On River during the WW [5.01-
7.76] and CD [4.97-7.79] seasons
(Fig. SI-1). Conductivity was higher in
the Nam Theun River [20-65 pS.cm™']
than in the other rivers whatever the
seasons [10—42 uS.cm'1]. In all rivers,
the conductivity was lower during the
WW season (21.6 pS.cm'1 in average,
[10-52 pS.cm™]) than during the WD
season (33.0 uS.cm™ in average, [12-
65 pS.cm']). Major anions and cations
showed the same evolution as conduc-
tivity (Tabs. SI-I and SI-Il). SO, CI,
Na*, K*, Ca?* and Mg concentra-
tions are higher in the Nam Theun
River than in other rivers only during
the WD season.

There was no statistical seasonal
or spatial variation of nitrate and
ammonium concentrations (Fig. SI-1).
Nitrate concentrations ranged between
<0.002 and 0.44 mgN.L'1 with an aver-
age value of 0.10 mgN.L™". Average
ammonium concentrations were 0.01,
0.05 and 0.05 mgN.L™" for the Nam Xot,
Nam Theun and Nam On Rivers,
respectively. These concentrations of
N species were close to that estimated
by Lewis (2008) for tropical streams for
a runoff of 1900 mm.yr'1. Phosphorus

concentrations were on average
0.04 mgP.L'1 in all rivers and fluctuated
by one order of magnitude (between
<0.02 and 0.27 mgP.L""). No clear con-
clusion can be drawn on this parameter
since no significant difference was
observed between seasons and rivers.
Almost all phosphate measurements
were below the limit of detection (10
and 30 pgP.L™! after October 2009).
The average TSS concentration was
3.8 mg.L'1 with values ranging from 0.2
and 16.4 mg.L'1. No significant differ-
ences were observed among stations
and seasons. The variability of concen-
trations was higher during WD and WW
seasons. During the CD season, a sig-
nificant increase of TSS concentrations
was observed in the Nam On River
only. Dissolved organic carbon con-
centrations were higher in the Nam On
River [1.18-5.53 mg.L"] than in the
other rivers for all seasons [<0.5 to
3.01 mg.L™"]. The average biochemical
oxygen demand was 1.40 + 1.21,
1.45 + 0.97 and 1.70 + 1.65 mgO,.L™"
for the Nam Xot, Nam Theun and Nam
On Rivers, respectively. No statistical
difference on total dissolved iron con-
centrations was measured among the
three rivers. The average value was
0.32 mgFe.L'1 with values ranging from
0.005 to 1.77 mgFe.L".

3.2 The Nam Theun 2 Reservoir

From March (WD season), a warm
water layer appeared at the surface with
a firmly established thermocline at a
depth of approximately 5-10 m by the
end of June (Figs. 3and SI-2). The aver-
age surface and bottom temperatures
at RES1 were 26.8 °C [18.2-30.6 °C]
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Fig. 3. Water temperature (°C) profiles in the Nam Theun 2 Reservoir (RES1 and RES9) between
2008 and 2013 (WD: warm dry season, WW: warm wet season, CD: cool dry season).

Fig. 3. Profils de température de I'eau (°C) dans le Réservoir de Nam Theun 2 (RES1 et RES9) entre
2008 et 2013 (WD : saison chaude et seche, WW : saison chaude et humide, CD : saison fraiche et

seche).

and 18.9 °C [16.7-27.2 °C], respec-
tively. From June-July to November
(WW season), complete or partial des-
tratification events occurred irregularly
due tothe rapidincrease in tributary dis-
charges and current velocities in the
reservoir. The average surface and bot-
tom temperatures at RES1 were then
27.1°C [22.9-31.2°C] and 21.4°C
[18.5-25.6 °C]. Finally, during the CD
season, the whole water column expe-
rienced a temperature decrease and a
homogenisation in the water column
(22.0°C [18.5-28.5°C] and 19.7 °C
[17.5-22.1 °C] for surface and bottom
temperatures, respectively, at RES1.
The seasonal patterns were the same
for all the reservoir stations except
RES9. For this one, and from the com-
missioning in March 2010, the vertical

gradient was almost absent as com-
pared to the other stations. The differ-
ences between surface and bottom
water temperature at RES9 (from
March 2010) were 0.8, 1.4 and 1.5 °C
for the WD, WW and CD seasons,
respectively. In another station with the
same depth (RESS8), these differences
were 7.7, 3.8 and 2.1 °C. At the annual
scale, the reservoir overturn occurred
generally in December, except during
the 2012-2013 CD season when it hap-
pened in January 2013. Secchi depth
increased significantly between 2008
and 2009 and then stabilized at around
2.09 +0.15m.

During the WD season, the devel-
opment of the thermocline coincided
with the development of an oxic layer in
the uppermost meters. During the WW



12 V. Chanudet et al.

Depth (m)

1 RESO

2008 2009 E 2010

ww CD WD Ww CD WD WW CD WD wWw CD WD WW CD

2011 2012

Fig. 4. Dissolved oxygen (mg.L") profiles in the Nam Theun 2 Reservoir (RES1 and RES9) between
2008 and 2013 (WD: warm dry season, WW: warm wet season, CD: cool dry season).

Fig. 4. Profils d’oxygéne dissous (mg.L™") dans le Réservoir de Nam Theun 2 (RES1 et RES9) entre
2008 et 2013 (WD : saison chaude et séche, WW : saison chaude et humide, CD : saison fraiche et

seche).

season, the oxygen stratification can
be lowered with a partial homogenisa-
tion of the water column. Finally, when
the reservoir overturned (CD season),
dissolved oxygen was distributed
homogeneously in the whole water col-
umn (Figs. 4 and SI-3). Significant geo-
graphical and inter-annual differences
can be observed for dissolved oxygen.
At RES1, the thickness of the oxic layer
during the different stratification peri-
ods increased from about 0 m in 2008
to 5 m in 2013. In 2011, the combina-
tion of a very rainy WW season and an
efficient destratification during the CD
season induced a significant increase
of the oxygenation at the end of the
year (Fig. 4). On the contrary, an
anoxia was observed at the end of
2012 in almost the whole water column

for some days. In the isolated area of
the Nam Malou River (RESS3), the
thickness of the oxic layer had the
same evolution as at RES1 (Fig. SI-3).
However, the impact of annual destrat-
ification was not clearly observed at the
frequency of our observations. In the
South East zone of the reservoir
(RES8), oxygen concentration was
higher than in RES1 (Fig. SI-3). During
the 2008-2009 CD season (8 months
after impoundment), the whole water
column was already oxic. Between
2009 and 2013, we observed an
increase in duration and frequency of
periods during which the whole water
column (up to 20 m) was oxic. Between
June 2008 to June 2009 and between
June 2011 and 2012, the oxygen
concentration was above 1 mg.L'1 for
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Fig. 5. Conductivity (uS.cm™") profiles in the Nam Theun 2 Reservoir (RES1 and RES9) between 2008
and 2013 (WD: warm dry season, WW: warm wet season, CD: cool dry season).

Fig. 5. Profils de conductivité de I'eau (uS.cm™") dans le Réservoir de Nam Theun 2 (RES1 et RES9)
entre 2008 et 2013 (WD : saison chaude et séche, WW : saison chaude et humide, CD : saison

fraiche et séche).

48 days and 211 days, respectively.
Close to the water intake (RES9),
the whole water column was almost
always oxygenated, starting from
March 2010 (Fig. 4). Before this date,
oxygen concentration was similar to
that at RESS.

The evolution of pH values with
time and depth is not as clear as for
temperature and oxygen (Fig. SlI-4). In
the hypolimnion, values were lower
(below 6.5) than in the incoming rivers.
In the epilimnion, values tended to
increase since the impoundment, espe-
cially during the WD season (up to 8.5).

Average conductivity in surface
water was 23.9 uS.cm™! with a maxi-
mum value of 65 pS.cm™' at REST
(Fig. 5). These values were close to
those measured in the tributaries. In

the hypolimnion, conductivity (i)
increased during the WD seasons
(stratified conditions and anoxia) and
(i) decreased during WW and CD sea-
sons when the reservoir overturned.
Lower conductivity values were meas-
ured at RES9 (and RES8) where oxy-
gen concentrations were high (Figs. 5
and SI-5). Except at RES9, the highest
bottom values were not measured
immediately after the impoundment but
in 2010 and 2012. The delayed destrat-
ification for the 2012-2013 CD season
was also obvious with an unusual
increase of conductivity at the bottom
at the end of 2012 (RES1).
Conductivity is a good proxy for
reduced compound concentrations since
there were good correlations between
conductivity and NH,* (2 = 0.76) and
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Fig. 6. Relationship between conductivity and
NH4* and total dissolved iron in the reservoir.

Fig. 6. Relation entre la conductivité et NH," et
le fer total dissous dans le réservoir.

total dissolved iron (r2 = 0.66) (Fig. 6)
while conductivity and calcium were
not correlated (r? = 0.04). The seasonal
and inter-annual evolutions were the
same. The highest NH,* concentra-
tions were measured at the bottom in
2010 and 2012-2013 (up to 5.4 mgN.L™",
average: 0.60 + 0.81 mgN.L™") (Figs. 7
and 8). There was no initial peak fol-
lowing the impoundment. When the
reservoir overturned, NH4* concentra-
tion increased in surface water, up to
0.8 mgN.L™! (average during CD sea-
son: 0.07 + 0.09 mgN.L'1 and annual
average: 0.05 = 0.11 mgN.L™"). The
highest surface values measured dur-
ing or immediately after concentration
peaks have been measured in the
hypolimnion. Contrary to NH4*, NO3
surface and bottom concentrations
were of the same order of magnitude
(0.04 + 0.08 mgN.L™" in surface and
0.06 + 0.09 mgN.L™" at the bottom) and
within the range of the tributaries.
Close to the Nakai Dam (RES1), high-
est surface and bottom NOj™ values
were measured immediately after the
impoundment. After an initial peak

following the impoundment, NO,™ con-
centrations decreased with time, both
at the surface and the bottom of the
reservoir (Figs. 7 and 8).

Total phosphorus concentrations
did not exhibit a clear evolution with
time. No initial peak has been observed
and both surface and bottom values
are low throughout the years (0.04 +
0.08 and 0.05 + 0.09 mgP.L" in aver-
age for surface and bottom, respec-
tively). Phosphate concentrations were
almost always below the limit of detec-
tion.

A limited increase in chlorophyll a
concentration at RES1 (surface) can
be observed during the first two years
(Fig. 7). However, values were usually
below 10 pg.L'1. At the whole Reser-
voir scale, the annual mean were 12.5,
8.7 and 4.3 ug.L'1 for 2010, 2011 and
2012, respectively (Martinet et al.,
same issue). After a high production
period of one year following the
impoundment, the NT2 Reservoir
tends toward stable oligo-mesotrophic
status (Martinet et al., same issue).

Dissolved organic carbon was higher
in surface water (average: 2.66 =
1.27 mgC.L", [0.5-7.63 mgC.L"] and
also during the WD and WW seasons.
At the bottom, values were lower and
less variable than at the surface (aver-
age: 1.82 + 0.86 mgC.L', [0.5-
5.66 mgC.L™)).

The seasonal dynamics of total dis-
solved iron was very close to that of
NH,* (Fig. 6). Highest values were
measured at the bottom notimmediately
after the impoundment but during the
stratified seasons in 2009 (5.70 mg.L™
and 8.09 mg.L ™! in average at RES1 and
for all reservoir stations, respectively)
and 2010 (7.81 mg.L"' and 11.5 mg.L™")



Evolution of the physico-chemical water quality in the Nam Theun 2 Reservoir and downstream rivers

! [NH,"] (mgN.L"") [NOs] (mgN.L™")

. INO,T(mgN.L"

-1

[Fe ] (mg.L™) [Chioro a] (ug.L™") [Pd (MgP.L™)

Secchi depth (m)

WD WW C;D WD WW dD WD WW dD WD WwW éD WD
2008 2009 : 2010 : 2011 : 2012 i 2013

WD WW

Fig. 7. Surface seasonal physico-chemical water quality in the Nam Theun 2 Reservoir, continuous
lines: RES1, broken lines: RES9) between 2008 and 2013 (WW: warm-wet season).

Fig. 7. Qualité d’eau physico-chimique saisonniere en surface du Réservoir de Nam Theun 2, lignes
continues : RES1, lignes pointillées : RES9) entre 2008 et 2013 (WW : saison chaude et humide).
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Fig. 8. Bottom seasonal physico-chemical water quality in the Nam Theun 2 Reservoir, continuous
lines: RES1, broken lines: RES9) between 2008 and 2013 (WW: warm-wet season).

Fig. 8. Qualité d’eau physico-chimique saisonniére au fond du Réservoir de Nam Theun 2, lignes
continues : RESH1, lignes pointillées : RES9) entre 2008 et 2013 (WW : saison chaude et humide).

while observing the highest conduc-
tivity values. At RES7, iron bottom
concentration reached 37.9 mg.L'1 in
September 2010 (maximum value).
However, unlike NH;* during the
2012-2013 CD season, total dissolved
iron concentration (4.95 mg.L'1 at

RES1) at the bottom did not reach its
highest value again such as that
measured in 2010. On average
since the impoundment, the average
bottom and surface concentrations in
the reservoir were 5.29 mg.L'1 and
0.38 mg.L™", respectively.
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Fig. 9. Seasonal (warm-dry (WD), warm-wet (WW) and cool-dry (CD) seasons) physico-chemical
water quality in the Nam Theun (NTH3: box plots; NTH4: continuous lines; NTH7: broken lines) and
Nam Phao (NPH1: dotted lines) Rivers downstream the Nakai Dam. The dark grey lines indicate the
average values measured between 2005 and March 2008 at NTH3.

Fig. 9. Qualité d’eau physico-chimique saisonniere dans les rivieres Nam Theun (boite a mous-
taches : NTHS, lignes continues : NTH4, lignes discontinues : NTH7) et Nam Phao (lignes pointillées :
NPH1) a laval du barrage de Nakai. Les lignes en gris indiquent les valeurs moyennes mesurées

entre 2005 et mars 2008 a NTH3.

3.3 Nam Theun River downstream
Nakai Dam

The same seasonal features can be
observed between the reservoir (Figs. 3
to 5) and the downstream Nam Theun
River (Figs. 9 and 10). For water tem-
perature, no significant difference can
be observed between NTH3 and (i) the

non-impacted Nam Phao River
(NPH1) and (ii) the furthest station on
the Nam Theun River (NTH7). Results
from an automatic measurement sta-
tion located downstream the conflu-
ence with the Nam Phao River indi-
cated daily variations of about 2 °C.
Oxygen concentration in the released
water was always above 4 mgOQ.L'1 or
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Fig. 10. Seasonal (warm-dry (WD), warm-wet (WW) and cool-dry (CD) seasons) physico-chemical
water quality in the Nam Theun (NTH3: box plots; NTH4: continuous lines; NTH7: broken lines) and
Nam Phao (NPH1: dotted lines) Rivers downstream the Nakai Dam. The dark grey lines indicate the
average values measured between 2005 and March 2008 at NTHS3.

Fig. 10. Qualité d’eau physico-chimique saisonniére dans les rivieres Nam Theun (boite & mous-
taches : NTHS, lignes continues : NTH4, lignes discontinues : NTH7) et Nam Phao (lignes pointillées :
NPH1) & l'aval du barrage de Nakai. Les lignes en gris indiquent les valeurs moyennes mesurées

entre 2005 et mars 2008 a NTH3.

43.9% (7.23 + 1.14 mgO,.L" or 87.6 +
12.6% in average) even immediately
after the impoundment. Except during
some periods, oxygen concentration
was similar to that observed in the Nam
Phao River (7.97 + 0.87 mgO,.L™" or
94.3 + 6.7% in average). The daily (night
and day) variation range of DO concen-
tration varied between 0.5 and 2 mg.L‘1.
Lowest pH values downstream the Nakai
Dam (NTH3) occurred immediately after
the impoundment for approximately the
first 4 seasons and then tended to

increase regularly up to 2013. Except
during the 2009-2010 CD, 2010 WD and
2010 WW seasons, there was no differ-
ence in pH between the downstream sta-
tions. Conductivity in released water was
the highest the first months after
impoundment. It decreased between
2008 and the WW 2009 season and
remained constant afterwards. Conduc-
tivity in the Nam Phao River was higher
than in the reservoir at NTH3, as well as
some major anions and cations (SO,
CI', Na*) (Tab. SI-lI).
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NOj3™ concentration increased in the
Nam Theun River from NTH3 to NTH4
and then to NTH7 (Figs. 9 and 10).
These concentrations were far below
those observed in the Yangtze down-
stream the Three Gorges Dam, about
1.5 mgN.L™" (Miller et al., 2008), three
years after dam closure. NH,* concen-
trations were of the same order of mag-
nitude between the Nam Theun River
and the Yangtze downstream of the
dam (0.07 mgN.L'1; Mdaller etal.,
2008). Higher total phosphorus and
total suspended solids in the Nam
Phao River induced an increase of
these two compounds in the down-
stream Nam Theun River as compared
to the low concentrations measured
immediately downstream of the dam
since the impoundment. As in the res-
ervoir, the downstream concentration
of total dissolved iron was high
between the impoundment and the
2009-2010 CD season as compared to
the tributaries. At NTH3, between April
2008 and March 2010 (commission-
ing), concentrations ranged from 0.02
to 4.81 mgFe.L™" for an average value
of 1.38 mgFe.L'1. Since March 2010,
concentrations at NTH3 have fallen
between 0.03 and 0.69 mgFe.L™ foran
average of 0.32 mgFe.L'1. These val-
ues were below those observed
downstream from the Three Gorges
Dam three years after impoundment:
1.3 mg.L™" (Miller et al., 2008).

3.4 Downstream of the Power House

The physico-chemistry of the water
released in the tailrace channel (TRC1,
Figs. 11 and 12) mimicked measure-
ments at RES9 (Figs. 3 to 5). For all the

parameters, except conductivity, no
change occurred with time between
the first significant releases (March
2010) and 2013. No peak can be
observed during the first months after
commissioning. Water temperature
(24.1 £ 2.3°C in average) had the
same seasonal pattern with the lowest
values during the CD season (22.1 +
1.8 °C) and the highest values during
the WW season (25.3 + 1.2 °C). The
regulating pond had no effect on water
temperature and dissolved oxygen (no
stratification, Fig. 13) and no tempera-
ture change occurred between TRC1
and DCH4. The lowest oxygen concen-
tration at TRC1 was 0.8 mgO,.L™" dur-
ing the 2010 WW season and the
annual average concentration was
5.6 + 1.9 mgO,.L". Before reaching
the Xe Bangfai River, oxygen in the
Downstream Channel was similar to
that measured upstream in this river
(8.2+0.7mg0, L™ at DCH4 and 7.5 =
0.8 mgO,.L™" at XBF1). The oxygen
concentrations in the Xe Bang Fai
River were similar at all stations
upstream and downstream of the con-
fluence with the Downstream Channel
(XBF1, XBF2 and XBF3) which is con-
sistent with the low average biological
oxygen measured at XBF2 (0.7 =
0.3 mgOQ.L'1). The water temperature
in the Downstream Channel was
always lower than the one measured in
the upstream Xe Bangfai River. The
difference can reach 5 °C. As a conse-
quence, it decreased the temperature
of the Xe Bangfai River during the WD
season. During the WW season, no
significant difference in water tempera-
ture was recorded due to high Xe Bang-
fai River watershed runoff buffering the
Downstream Channel discharge. pH
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Fig. 11. Seasonal physico-chemical water quality in the tailrace (TRC1: box plots) and downstream
(DCH1: continuous lines and DCH4: dotted lines) channels (left-hand side) and in the Xe Bangfai
River (XBF1: box plots, XBF2: continuous lines and XBF3: dotted lines) (right-hand side). The dark
grey lines indicate the average values measured between 2005 and March 2008 at XBF2 (WW:

warm-wet season).

Fig. 11. Qualité d’eau physico-chimique saisonniére dans le canal de fuite (TRC1 : boites & mous-
taches) et dans le canal aval (DCH1 : lignes continues et DCH4 : lignes pointillées) (a gauche) et dans
la riviere Xe Bangfai (XBF1 : boites & moustaches, XBF2 : lignes continues et XBF3 : lignes poin-
tillées) (a droite). Les lignes en gris indiquent les valeurs moyennes mesurées entre 2005 et mars

2008 a XBF2 (WW : saison chaude et humide).

values slightly increased from TRC1
(6.53 + 0.58 in average) to DCH4
(720 += 0.59). No changes were
observed in the Xe Bangfai River from
XBF1 to XBF2. Difference of conductivity
between the Downstream Channel and

the Xe Bangfai was high. At TRC1 and
in the Downstream Channel - DCH1
and DCH4 -, the average conductivity
was 31, 28 and 41 pS.cm’', respec-
tively. In the Xe Bangfai River
upstream the confluence (XBF1), the
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Fig. 12. Seasonal physico-chemical water quality in the tailrace (TRC1: box plots) and downstream
(DCH1: continuous lines and DCH4: dotted lines) channels (left-hand side) and in the Xe Bangfai
River (XBF1: box plots, XBF2: continuous lines and XBF3: dotted lines) (right-hand side). The dark
grey lines indicate the average values measured between 2005 and March 2008 at XBF2 (WW:

warm-wet season).

Fig. 12. Qualité d’eau physico-chimique saisonniére dans le canal de fuite (TRC1 : boites & mous-
taches) et dans le canal aval (DCH1 : lignes continues et DCH4 : lignes pointillées) (a gauche) et dans
la riviere Xe Bangfai (XBF1 : boites @ moustaches, XBF2 : lignes continues et XBF3 : lignes poin-
tillées) (a droite). Les lignes en gris indiquent les valeurs moyennes mesurées entre 2005 et mars

2008 a XBF2 (WW : saison chaude et humide).

average value was 272 uS.cm™' show-
ing clear seasonal variations (decrease
during the WW season). Differences in
concentrations of Ca®* and other major
cations/anions were also observed
between the same stations (Fig. 11,
Tab. SI-1V). Between XBF1 and XBF2,
average concentrations of Ca®* and
Mg®* decreased by 48% and 50%
respectively.

The same seasonal pattern as in
the reservoir (RES9) can be observed
at TRC1 for NO3™ (Fig. 12) and NH,*.
Almost no change occurred in the
Downstream Channel for these two
parameters. NO3™ values are of the
same order of magnitude between the
channel and the river. On the contrary,
NH,* concentrations in the upstream
Xe Bang Fai were lower than those in
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Fig. 13. Water temperature (°C) and dissolved oxygen (mg.L'1) profiles in the regulating pond (REG1)

between 2009 and 2013.

Fig. 13. Profils de température de 'eau (°C) et de I'oxygéne dissous (mg.L™") dans le bassin de démo-

dulation (REG1) entre 2009 et 2013.

the Downstream Channel. Down-
stream of the confluence, the impact of
the released water became negligible
after 2011. Like for NOg3’, the dynamics
in the reservoir explained well the total
Piot concentrations at TRC1. On aver-
age, Py concentration in the Down-
stream Channel (0.07 + 0.18 mgP.L™"
at DCH4) was lower than at XBF1
(0.12 + 0.21 mgP.L™"). TSS concentra-
tions in the released water (TRC1)
were low (5.1 + 4.3 mg.L™! on average)
as compared to concentrations in the
upstream Xe Bangfai River (35.4 =
74.4 mg.L'1 on average). In addition to

a low average concentration, no TSS
peak occurred as at TRC1. As a conse-
quence, high TSS values measured
during the WW seasons were reduced
downstream the confluence. However,
concentrations in the Downstream
Channel were usually higher than in
the upstream Xe Bangfai during the
CD (7.6 = 17.4 mg.L"! and 21.1 =
32.1 mg.L"! in average at XBF1 and
XBF2, respectively) and WD (5.2 +
6.1 mg.L" and 19.7 + 22.3 mg.L")
seasons. The range of TSS concentra-
tion decreased from [1.3-529 mg.L™"]
at XBF1 to [3.8-306 mg.L"'] at XBF2



Evolution of the physico-chemical water quality in the Nam Theun 2 Reservoir and downstream rivers 23

1.0

0.8 4

0.6 4

0.4 4

0.2 4

Cumulative frequency

10 100

©
e
N

TSS concentration (mg.L™)

Fig. 14. Cumulative frequency of total sus-
pended solids concentrations in the Downstream
Channel (DCH4) and in the Xe Bangfai River
(XBF1 and XBF2).

Fig. 14. Fréquence cumulée des concentrations
des matiéres en suspension dans le canal aval
(DCH4) et dans la riviere Xe Bangfai (XBF1 et
XBF2).

between March 2010 and March
2013. Moreover, the cumulative fre-
quency of TSS concentration in the
Downstream Channel and in the Xe
Bangfai River (Fig. 14) shows clearly
that the occurrences of measure-
ments below 50 mg.L'1 increased at
XBF2 as compared to XBF1. TSS con-
centrations were below 5 mg.L™" for
about 55% of the time at XBF1 while
this percentage dropped to 10% at
XBF2. On the contrary, high values
(above 50 mg.L‘1) decreased at XBF2
as compared to XBF1.

4 DISCUSSION

4.1 From a riverine system
to a lacustrine system

The watershed surface areas of
three studied tributaries (Nam Xot,

Nam Theun and Nam On Rivers) corre-
spond to about 14%, 32% and 20% of
the total watershed surface area
respectively. It means that only about
66% of the water inputs are character-
ized assuming similar specific dis-
charges for the watersheds. The
remaining 34% are mostly located in
the same eastern mountainous area,
mainly covered by forests. Physico-
chemistry in these upstream rivers was
typical of sub-tropical pristine rivers
found in the same environment (geol-
ogy, land use, hydrometeorology, mor-
phology...), characterized by high
water temperature, high oxygen con-
tent, low conductivity and low nutrients
loads (Lewis, 2008). Small differences
were measured between tributaries for
conductivity, major anions and cations
and dissolved organic carbon. Differ-
ences in the local geology, pedology
and land use of the three specific
watersheds may explain these dissimi-
larities. Moreover, differences at the
Nam On River station at some periods
of the year could be attributed to the
fact that the monitoring station is under
the influence of the reservoir during
the WW season. Seasonal differ-
ences of air temperature (24.8, 24.6
and 20.2 °C for the WD, WW and CD
seasons, respectively), rainfall (7.2,
13.3, 0.3 mm.d") and discharges
(120, 512 and 83 m3.s™") induced sig-
nificant changes of water temperature
between the WD (warm water) and CD
(cold water) seasons. More surpris-
ingly, seasonal differences for the
other parameters were low. Only a
slight seasonal dilution/concentration
effect seems to impact parameters
such as conductivity, nitrates and other
major anions and cations.
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As compared to the former Nam
Theun River, the dam closure in April
2008 induced a drastic modification of
the physical aquatic environment. The
residence time changed from a few
hours before the impoundment to an
average of 168 days after it. As the res-
idence time, water depth and surface of
flooded soils increased, a thermal
chemical stratification appeared. Such
stratification is commonly observed in
tropical and sub-tropical reservoirs
(Richard et al., 2005). The stratifica-
tion/destratification  processes are
mainly driven by temperature and
wind. Other parameters can also partly
control these processes. For instance,
in a wooded area, trees may have a
significant effect on the circulation pat-
terns of the reservoir. In the Nam Ngum
reservoir in Laos, standing trees
almost completely eliminate wind-gen-
erated turbulence and consequently
reduce the extent of mixing (Baxter,
1977). It may explain why the impact of
annual destratification is lower in the
Nam Malou area (RES3) initially cov-
ered by forest (Descloux et al., 2011).
Contrary to the Petit Saut Reservoir in
French Guiana (Richard et al., 1997;
2005), this stratification weakened then
disappeared each year during the CD
season due to a drop of air temperature
(Descloux et al., this issue-a). Particu-
larly intense flood events such as in
August 2009 or 2011 resulted also in
an almost total homogenisation of the
reservoir even in its deepest parts dur-
ing the WW season. During the 2012-
2013 CD season, the destratification
was delayed. It was due to a higher air
temperature in November and Decem-
ber 2012 than during the previous
years (23.8 +1.3°Cand 21.2+2.7 °C

in November and December 2012 as
compared to the 2008-2011 average
for the same months: 21.6 + 3.2 °C and

19.0 £ 3.4 °C).
The thermal stratification induced a
chemical stratification. Compounds

produced from the decomposition of
organic matter stock (NH,4*, PO43',
CO,, CHy...) or diffusing in their
reduced forms from the soils (Fe, Mn...)
accumulated in the hypolimnion while
dissolved oxygen was rapidly con-
sumed. At the surface, wind-induced
reaeration of the water and photosyn-
thetic activity (Martinet et al., this
issue), also revealed by an increase of
pH values in the epilimnion, insured a
correct oxygenation level in the upper-
most meters. The consequence of the
annual destratification is a homogeni-
sation of the water column and a distri-
bution of compounds between bottom
and surface waters, including oxygen.
Bottom concentrations of reduced
compounds decreased suddenly, while
surface  concentrations increased.
Most of the time, the oxidation of
reduced compound precluded a signif-
icant increase in oxygen concentration
in the hypolimnion. However, during
special events such as the August
2011 major flood which provoked dam
spilling and the dilution of water com-
pounds, the deepest parts of the reser-
voir can be sometimes oxic as already
observed for the Petit Saut Reservoirin
2000 (Richard et al., 2005). The des-
tratification delay observed during the
2012-2013 CD season, coupled with
low water inputs in 2012 as compared
to the other years (Descloux et al., this
issue-a), have significant impacts on
physico-chemistry with an increase of
the peak of concentrations of reduced
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compounds in the hypolimnion, under-
lying the major influence of hydrology
on physico-chemistry.

Between April 2008 and March
2010, discharges at the dam were not
drastically reduced as compared to
tributaries input (to insure a moderated
increase of water level in the reservoir;
Descloux et al., this issue-a). As a con-
sequence, water renewal was still effi-
cient (except in some isolated areas
like RES3 for instance) and it may
explain why (i) no major degradation
peak was observed and (ii) spatial het-
erogeneities were limited. The behav-
iour of the NT2 Reservoir changed
since March 2010 with the beginning of
normal operations. The water level
decreased for the first time and
waters coming from the tributaries
were preferentially directed towards
the water intake (Q mean water intake =
213.0 m3.s") rather than to the Nakai
Dam (Q mean Nakai = 35.1 m3.s™) as
shown by numerical simulations (Cha-
nudet et al., 2012). The residence time
in the zone between RES1 and RES4
(North West) of the reservoir increased
drastically as compared to the zone
between RES4 and RES8 (South East)
and spatial heterogeneities amplified.
Close to the water intake (RES9), the
lower residence time and the perma-
nent mixing due to high current veloci-
ties and turbulences induced an almost
continuous oxygenation of the water
column. The other physico-chemical
parameters in this zone also improved
more rapidly as evidenced by conduc-
tivity profiles for instance. At the same
time, highest NH,*, Fe, GHG (Serca
et al., this issue) concentrations were
then measured in the North West zone
(RES1). In this zone, enhanced oxygen

consumption due to the degradation of
the initial carbon stock also probably
explains the spatial differences. The
former above ground biomass was
denser in this area mainly covered by
forests before the impoundment than in
the South East zone, formerly covered
by grassland and agricultural plots
(Descloux et al., 2011).

4.2 The Nam Theun River
downstream Nakai Dam

4.2.1 Impacts of the NT2 project
on the physico-chemical parameters

During the first two years, average
discharge of the Nam Theun River
downstream of the Nakai Dam was
reduced by 19% (193 m3.s™! between
April 2008 and March 2010). During
this period, no anoxia was measured in
the downstream Nam Theun River
close to the dam or 60 km away from it,
contrary to Petit Saut Reservoir (Gosse
& Grégoire, 1997; Richard et al., 1997).
No sag curve effect was observed
because the biological and chemical
oxygen demands were low and also
because turbulences and current
velocities are high in the river. In aver-
age, the measurements were done at
the middle of the day before and after
the impoundment. Therefore, it is
assumed that there was no significant
bias due to water warming or diurnal
cycles due to primary production and
respiration and that pre and post
impoundment concentrations can be
compared directly. The average oxy-
gen concentration was reduced by only
7% at NTH3 as compared to the pre-
impoundment concentration (7.92 =
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0.97 mgO,.L™" or 93.2 + 6.1% in aver-
age, Fig. SI-6). The higher concentra-
tion of reduced compounds (NH,*,
Fe...) or CO, as compared to the pre-
impoundment situation (for instance +
360% for total dissolved iron in aver-
age) was probably responsible for the
decrease of pH as compared to before
2008 (- 0.45 pH units in average). Sur-
prisingly, the increase in reduced com-
pounds did not affect the conductivity
which was similar to pre-impoundment
measurements (36 + 15 pS.cm™,
Fig. SI-6). The effect of the reservoir on
the downstream river is a reduction of
NOj™ as compared to the pre-impound-
ment situation (0.12 + 0.09 mgN.L™).
NO3™ consumption for primary produc-
tion or denitrification may explain it.
After commissioning (March 2010),
downstream physico-chemical water
quality evolved compared to the two
previous years (pH, conductivity, NH4*,
TSS, Feyy) for two reasons. Since
March 2010, the discharge was only
constituted by the riparian release
(2 m3.s71, Descloux et al., this issue-a),
taken from the surface of the reservoir.
Moreover, the riparian release flow
through a hollow jet valve which pro-
motes reaeration and degassing
(Descloux et al., this issue-b, Serca
et al., this issue). The second reason is
the general evolution of physico-
chemical parameters in the reservoir.
However, during the Nakai Dam spill-
age (WW seasons), released water
may originate from the whole water
column (radial gates opened), condi-
tions favouring oxygen concentration
decrease. As compared to the pre-
impoundment situation (Fig. SI-6), no
major evolution of the average phys-
ico-chemistry immediately downstream

Nakai Dam occurred during this period
for dissolved oxygen, pH, Py or TSS.
Conductivity decreased as compared
to the situation prior to the impound-
ment. This latter observation is cor-
roborated by the decrease of some
major anions and cations, such as
S0,%, CI, Na* and Mg?*, between
pre and post-impoundment measure-
ments. NO3™ concentration has been
also reduced. This could be attributed
either to consumption for primary pro-
duction or to a higher denitrification.
More significant changes have been
observed in further downstream sta-
tions. Due to the reduction of the Nam
Theun River discharge, the contribu-
tion of its main tributaries (including
Nam Phao) increased, and physico-
chemical water quality changed espe-
cially for conductivity or nutrient loads.
However, the geological nature of the
various sub-watersheds is close and
changes were not drastic.

4.2.2 Effect of the flushing
of the reservoir before commissioning:
the case of iron

During the first years, serious
issues regarding iron occurred: (i)
water release into the Nam Theun
River was limited due to high iron level
in the water (water quality requirement
in the downstream reservoir), (ii) iron-
rich biofilm deposit in the headrace tun-
nel and in the penstock increased head
loss (Pécastaings et al., same issue).
About 10.7 x10° m® of water left the
reservoir at the dam for an average
reservoir volume of 3.18 x 10% m3. It
means that the reservoir was flushed
3.4 times before commissioning. A
one-box mass balance calculation was



Evolution of the physico-chemical water quality in the Nam Theun 2 Reservoir and downstream rivers 27

performed for total dissolved iron.
River fluxes were calculated in the
Nam Theun River immediately down-
stream of the Nakai Dam (NTH3) and
upstream of the reservoir (NTH2).
Total incoming iron flux was then
extrapolated to the whole watershed by
multiplying by 3.12 (ratio between the
total watershed and that of the Nam
Theun River at NTH2). Between April
2008 and March 2010, about 4 470 +
900 tons of iron entered the reservoir
and 24600 + 5200 tons were
exported. Moreover, in March 2010,
the stock of total dissolved iron in the
reservoir (3.96 x10° m®), was esti-
mated at 4 080 tons (from an average
iron concentration measured in all the
stations at all the depths). The amount
of iron released from the flooded soils
was 24 200 + 5 300 tons. This figure
might be underestimated since it does
not take into account the potential
iron precipitation between the dam
and NTH3 (few minutes) as only the
dissolved fraction was measured.
Total iron concentration in top soils
prior to the impoundment ranged
between 13.9 g.kg'1 dm in forests
and 44.6 g.kg'1 dm in agricultural soils
(Chanudet & Descloux, 2008). Given
the land use distribution in the reservoir
area (Descloux et al., 2011), the total
iron density in the uppermost 10 cm
amounted to 945 000 tons (21 tFe.ha™).
With similar total iron concentration in
tropical soils, Peretyazhko & Sposito
(2005) found that the poorly crystal-
line Fe(lll) hydro(oxides) represented
about 5% of the total iron. Rumpel et al.
(2006) measured similar ratios in some
Lao soils (6.7% in average) for iron
concentrations in surface ranging
between 28.4 and 53.9 g.kg™'. For the

Nam Theun 2 soils, we can assume an
amount of poorly crystaline Fe(lll)
hydro(oxides) of 47 300 tons in the
uppermost 10 cm. This fraction is likely to
be preferentially reduced in iron (Il) and
released from the soils when reducing
conditions prevail after flooding. The
thickness of the soil layer from which iron
is mobilized cannot be estimated with
this mass balance calculation and no
conclusion can be drawn on the remain-
ing iron likely to be released in the water
column.

Out of the 11 240 + 1 240 tons that
left the reservoir since commissioning
(March 2010), only 1980 + 320 tons
(18%) have been exported in the Nam
Theun River. The remaining 82%
flowed through the Power House and
the Downstream Channel. Since the
impoundment, 35870 + 5440 tons
have been released from the reservoir,
69% during the two first years.

4.3 The Xe Bangfai watershed

4.3.1 From a crystalline
to a calcareous watershed

Significant water releases through
the Power House started in March
2010 (Descloux et al., this issue-a).
The high oxygen concentration in the
reservoir close to the intake (RES9) due
to permanent vertical mixing led to an
average oxygen concentration in the
tailrace channel of 5.6 + 1.9 mgO,.L™".
Since March 2010, the residence time
in the regulating pond dropped to only
5.4 h; too short to allow for any signifi-
cant physico-chemical evolutions. Oxy-
gen concentration increased when
passing the regulating dam and the
aeration weir (Descloux et al., this



28 V. Chanudet et al.

issue-b) and reached a typical natural
concentration value in such a sub-trop-
ical environment (Lewis, 2008) before
reaching the Xe Bangfai River (similar
to upstream rivers). There was no sag
curve effect in the Downstream Chan-
nel. Downstream of the confluence
(XBF2), the average oxygen concen-
tration after the commissioning (7.8 +
0.4 mgO,.L™") was similar to the con-
centration between 2005 and 2008
(7.9 = 1.1 mgO,.L™") (NTPC, unpub-
lished data), assuming the average
sampling hours were the same for
these two periods. Gosse & Luck
(2003) showed that the diurnal varia-
tion could reach up to 1,5 mg.L™" near
XBF2 before impoundment.

Because of the geology of the Nam
Theun River and watershed (mainly
crystalline; NTPC, 2005), turbinated
water had a low conductivity. This con-
ductivity did not increase along the
Downstream Channel. The Xe Bangfai
River watershed mainly consists of
limestone (NTPC, 2005). It explains the
higher conductivity in this river. One of
the main consequences of the project
was a drop of conductivity downstream
of the confluence. On average, values
at XBF2 were divided by a factor of
three as compared to those at XBF1
and those prior to the project (291 +
57 pS.cm! at XBF2 between 2005 and
2008 versus 102 = 64 uS.cm™ since
March 2010). Contrary to the reservoir
where high conductivity values were
related to high concentration of
reduced compounds, in the Xe Bangfai
River, conductivity was mainly driven
by major anions and cations (linear
regression at XBF2 between conductiv-
ity and Ca®*concentration, 12 = 0.71).
Another consequence of the diversion

of reservoir water in the Xe Bangfai is
the reduction of the concentration of
these ions in the Xe Bangfai River as
compared to the pre commissioning sit-
uation. This modification of the water
chemical composition may have signif-
icant impacts on hydrobiology (Allan &
Castillo, 2007; Attwood & Cottet, this
issue) although the nutrient loads
(except NH4*) was reduced down-
stream of the confluence as com-
pared to the situation prior to the
project. The average biological oxy-
gen demand at XBF2 was similar
before (0.7 + 0.3 mgO,.L™" measured
between 2005 and 2008, 2.8 mgO,.L™"
measured in April 2001 (Goss & Luck,
2003) and after commissioning (1.0 +
0.9 mgO,.L™"). The high buffering
capacity of the water in the upstream
Xe Bangfai River as compared to water
from the reservoir (low carbonate con-
centration), also precluded a significant
decrease in pH value between the pre
(7.63 + 0.33) and post (7.56 + 0.49)
commissioning situations (Allan &
Castillo, 2007).

4.3.2 The smoothing effect
of the project on TSS concentration
in the Xe Bangfai River

At the annual scale, the project has
no major impact on TSS fluxes between
upstream tributaries and turbinated
water. Between March 2010 and March
2013, 106.8 = 19.3 kt of TSS entered
into the reservoir via the tributaries and
112.6 + 7.8 kt left it via the Power
House. The absence of difference
between inputs and outputs, - 5.8 +
20.8 kt, indicates that the net sediment
storage (input-output) in the reservoir
is low. However, no information about
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Fig. 15. Seasonal fluxes of total suspended solids concentrations in the Nam Kathang River (NKT5),
the Downstream Channel (DCH4) and the Xe Bangfai River (XBF2).

Fig. 15. Flux saisonniers de matieres en suspension dans la riviere Nam Kathang (NKT5), dans le
canal aval (DCH4) et dans la riviere Xe Bangfai (XBF2).

the nature and the origin of TSS is pro-
vided and a shift of the composition
between incoming and released TSS is
likely. Out of the 112.6 kt exported from
the reservoir, a fraction is constituted
by in situ organic production and it is
likely that a similar fraction of TSS
entering the reservoir through the riv-
ers settled down in the reservoir. More-
over, autochthonous organic matter
was also likely to sediment.

The project had a significant impact
on the seasonal distribution of TSS
concentrations, especially in the Xe
Bangfai River (Fig. 12) inducing a
reduction of the range of the extreme
values. Since March 2010, minimal
TSS values were measured at XBF1
during the CD and WD seasons when
the discharges were lower (Descloux
et al., this issue-a). These low TSS val-
ues at XBF1 were probably represent-
ative of the pre-commissioning situa-
tion at XBF2 since the contribution of
the Nam Kathang River was low during
these seasons. Since the commission-

ing, the release of reservoir water into
the Xe Bangfai River via the Down-
stream Channel induced an increase of
the lowest concentrations and of the
flux measured during these two sea-
sons. At an annual scale, the TSS
fluxes in the Downstream Channel
(DCH4) and in the Nam Gnom (NKT5)
were 60.4 + 3.6 kt.yr! and 25.8 =+
6.2 kt.yr'1, respectively. It represented
respectively 7% and 3% of the annual
flux at XBF2 (861 + 146 kt.yr'!). During
the CD and WD seasons, the contribu-
tion of the Downstream Channel to the
flux at XBF2 increased up to 41%
(33.6% in average) (Fig. 15) while it did
not exceed 4% (1.0% in average) for
the Nam Gnom. During this period,
TSS concentrations at XBF2 were
above the concentrations at XBF1,
NKT5 and DCH4. It was likely due to
the increase of the discharge during
these seasons as compared to the pre-
commissioning situation (Descloux et al.,
this issue-a). The highest discharges
mobilized probably more particles from
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the river beds or from riparian soils as
compared to the same periods before
commissioning. This excess flux has
been estimated at 0.8 + 0.2 kt.month""
ie. 6.4 + 1.8 ktyr' between March
2010 and March 2013 (assuming a
TSS concentration at XBF2 as the dis-
charge-weighted average between
concentrations at XBF1, NKT5 and
DCH4). It represents about 0.7% of
the total flux at XBF2.

Maximal TSS values were meas-
ured during floods (WW season). Dur-
ing these events, TSS concentrations
and fluxes (Fig. 15) in the Downstream
Channel were much lower than in the
upstream Xe Bangfai River and the
water released from the reservoir
decreased the concentration in the
downstream Xe Bangfai River (dilution
effect). The average contribution of the
Downstream Channel to the annual
flux at XBF2 was only 3.9% on average
during the WW seasons (3.3% for the
Nam Kathang River).

In the Xe Bangfai River, turbidity
was strongly correlated to TSS ([TSS]
(mg.L™") = 0.83 x turbidity (NTU), r2 =
0.95). Turbidity plays a major role in
ecological processes in aquatic sys-
tems (Allan & Castillo, 2007; Davies
et al., 2008) and its modification in the
Xe Bangfai River as well as the modifi-
cations of the flow regime (current
velocity, water level...) may also
explain some of the observed hydro-
biological changes (Davies etal.,
2008; Attwood & Cottet, this issue).

4.4 Mid-term evolution

Because of the temporal variations
of physico-chemical water quality

parameters due to a large extent to the
reservoir hydrodynamics, it is difficult
to reach conclusion of the intrinsic evo-
lution of the water quality in the reser-
voir for all parameters. It may also be
premature to state that the two degra-
dation periods (immediately after
impoundment and after commission-
ing) due to initial stocks (carbon, nutri-
ents, iron...) in the soils and vegetation
are the last ones and that a stable
regime has already been reached. For
some parameters, like the Secchi
depth, dissolved oxygen, pH, NO5™ or
Fe, the improvement is obvious and will
probably continue in the coming years.
Measurements in water suggest that
the releasable iron stock in soils was
lower after 5 years. Measured iron con-
centrations during the first years will
probably not be observed again in the
future (no other source than sedi-
ments). For parameters also produced
from an allochthonous source of
organic matter (P and N species) the
conclusion is less evident. NO3™ and
Piot did not exhibit significant changes
from the impoundment (no peak) and
observed values were close to those
measured in the Nam Theun River
prior to the project. DOC also remained
stable during the 5 years. The probabil-
ity to observe future significant concen-
tration changes at the annual scale for
these parameters is low. A strong rela-
tionship between NH,* and reservoir
hydrodynamics exists, as evidenced by
the highest concentrations measured
during the 2012-2013 CD season due
to a poor hydrology coupled with a
delayed destratification as compared
the previous years. The contributions
of (i) the initial organic matter and nutri-
ent stocks and (ii) the organic matter
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produced in situ or coming from the
tributaries to NH,* production are
currently unknown. It implies that
high NH,* concentrations cannot be
excluded in the future, especially at
the end of a long stratified period.

In the Xe Bangfai River, potential
physico-chemical changes due to a
modification of the water in the reser-
voir have been offset by changes
induced by the water diversion from a
crystalline to a calcareous watershed.
Downstream the confluence between
the Downstream Channel and the Xe
Bangfai River, new stable physico-
chemical conditions have been
reached, significantly different from the
pre-commissioning situation for some
major parameters (conductivity, Ca®*,
Mg>*, TSS...).

5 CONCLUSION

The 5-year monitoring of the Nam
Theun 2 system showed the effect of
the impoundment on the aquatic sys-
tem. New physico-chemical processes
appeared since soils were flooded and
water depth and its residence time
increased. No major changes (no
peaks) were observed in the reservoir
as regard nutrients (except NH4*, NOy),
major anions or cations, etc. Bottom
Feiot concentration increased during
the first two years as compared to the
pre-impoundment situation. The annual
destratification that occurred in the res-
ervoir led to a vertical homogenisation
of the physico-chemical parameter in
the water column. The temporal varia-
tions of water quality parameters, due to
a large extent to the reservoir hydrody-
namics, preclude definite conclusion

regarding the intrinsic mid-term evolu-
tion of all physico-chemical parameters
in the reservoir. The contribution of
the initial stocks in vegetation and
soils  (carbon, nutrients, iron...) ver-
sus the allochthonous or autoch-
thonous sources to the evolution of
physico-chemistry remains for instance
unknown. However, for some parame-
ters, such as Feyy;, NO3, NO5™ for
instance, conclusions can be drawn on
the fact that a rather stable water quality
regime has probably been already
reached. For other parameters, like oxy-
gen or pH, continuous evolution
observed since the impoundment will
probably last for the coming years.

In the Nam Theun River down-
stream of the dam, the physico-chemi-
cal water quality was slightly altered.
Water always remained oxygenated
and after a few months no further
chemical changes had been observed
and water quality was close to that
measured in the reservoir tributaries or
in the river before the dam construction.
The special design of the water intake
for the riparian release (surface water)
probably explains these observations.

Water released in the Xe Bangfai
River was also well oxygenated and low
in reduced compounds for several rea-
sons: (i) the design of the water intake
and the headrace channel that ensures
a mix of the whole water column rather
than withdrawing bottom water only and
(i) the presence of several aeration.
devices along the Downstream Chan-
nel. However, waters in the Down-
stream Channel and in the upstream Xe
Bangfai River were different in terms of
temperature and dissolved species
(Ca?*, Mg?*) and therefore conductiv-
ity. Peaks of concentrations sometimes
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observed in the upstream Xe Bangfai
(TSS, Pi) during floods are now
smoothed. Other parameters (nitrogen,
DOC, Feit) were only marginally
impacted by the diversion of the Nam
Theun River into the Xe Bangfai River
via the reservoir. Physico-chemical
water quality in the coming years will
probably not change significantly (sta-
ble regime) in this river.
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