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Abstract The Wujiang River is an important tributary to

the Changjiang River that has been intensively impounded

for hydropower exploitation. To understand the potential

impact of reservoir construction on the riverine inorganic

carbon transport, seasonal longitudinal sampling was con-

ducted in four reservoirs Hongjiadu (HJD), Dongfeng

(DF), Suofengying (SFY) and Wujiangdu (WJD) along the

Wujiang River from April 2006 to January 2007. Results

indicated that damming the river induced an obvious dis-

continuity of water chemistry in the warmer seasons. d13C

of dissolved inorganic carbon (DIC) ranged from -3 to

-11.4 %, likely as the results of photosynthesis, respira-

tion and carbonate weathering. During periods of thermal

stratification, the addition of CO2 from respiration to

hypolimnion and the deep water release for hydropower

generation led to higher pCO2 downstream, as well as 13C

depletion in DIC and undersaturated to calcite. An estimate

of DIC budget indicated that only DF reservoir was the

sink for DIC while reservoirs HJD, SFY and WJD were the

sources for DIC. However, when the retained water was

taken into account, for the reason of water storage occur-

ring mainly in HJD and DF, all reservoirs became the

sources for DIC with exporting rates of 26.68, 7.97, 6.22

and 11.80 % for HJD, DF, SFY and WJD, respectively.

Keywords Dissolved inorganic carbon � Flux � Isotopic

composition � Reservoir chain � Wujiang River

Introduction

Rivers are usually a chief medium between the terrestrial

and oceanic ecosystems and play an important role in the

transport of carbon from land to ocean. Despite the fact

that fluvial carbon export is only a small portion

(*1015 g C year-1) of the global carbon cycle (Meybeck

1982; Aucour et al. 1999), it contributes an important

percentage to the regional carbon budget. Fluvial carbon

also has a close relationship with chemical weathering in

drainage basin (Gaillardet et al. 1999; Raymond and Cole

2003), which has been known as a control of the concen-

tration of atmospheric CO2 at the geological timescale

([106 y). Thus, research on the river carbon cycling is

crucial to understand the geochemical processes in drain-

age basins, specifically in estimating the weathering rate of

drainage basin and the atmospheric CO2 consumption as

well as in identifying different sources of carbon input.

This study focuses on the impact of river impoundment on

the transport and transformation of riverine inorganic

carbon.

However, the geochemical information on river chem-

istry is not only an integrated response to the geochemical

processes in drainage basin, but can also be altered by

physical, chemical and biological processes in the aquatic
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system. The increasing anthropogenic activities further

complicate carbon cycling in rivers, for instance, river

damming and eutrophication are widely regarded as the

most remarkable and extensive events imposed on river

systems, but how these factors alter river carbon speciation

and fluxes have not been well-documented. Consequently,

chemical data must be approached with caution, particu-

larly when evaluating the carbon cycling at the catchment

scale.

Impoundment converts a river into an ‘‘artificial

lake’’, and generally leads to a decrease in suspended

solids and turbidity, an increase in water residence

times, and the development of thermal stratification in

the water column. As a result, the river’s pristine status

in hydrological condition and the nutrient concentra-

tions would gradually shift to ‘‘lacustrine/reservoir’’

type (Saito et al. 2001). The major biological processes

(e.g. photosynthesis and respiration) in reservoirs have

significant impact on the transformation among carbon

species, as well as on the thermodynamic equilibrium

of carbonate in the water column. Due to the com-

monly adopted deep water discharge and the counter-

season impounding (i.e. hydropower reservoirs gener-

ally maintain a low water level at flood season, and a

high water level during the period when a river is at its

normal level) hydropower reservoirs potentially bring a

discontinuity in the water chemistry along the river

channel. Consequently, the nature and quantity of flu-

vial nutrient fluxes to oceans have experienced enor-

mous changes by hydrological alterations in the last

few decades (Ittekkot et al. 2000).

Currently, the ‘‘damming effect’’ on dissolved silicon

retention, greenhouse gas emissions, downstream fishery

resources, fluvial flux of nutrients as well as on ecological

risks has been well-documented (such as, Li and Zhang

1997; Campo and Sancholuz 1998; Conley et al. 2000;

Abril et al. 2005; Avilés and Niell 2007; Devi et al. 2008).

In comparison, the impact of river impoundment on the

carbon transformation and the changes in fluvial carbon

flux are not fully understood. To take full advantage of

waterpower, the river was continuously dammed creating a

reservoir chain. The ‘‘impounded river’’ has become an

important hydrological landscape imposed on rivers; for

example, over 48,000 reservoirs are presently in operation

in Changjiang River drainage basin, China. Undoubtedly,

this phenomenon can profoundly disturb the natural

cycling of river carbon. This study investigated a reservoir

chain constructed on the Wujiang River system in karstic

area. The main objective was to investigate (1) main pro-

cesses control the longitudinal discontinuity of riverine

inorganic carbon cycle in reservoir and river system; (2)

the carbonate equilibrium system in water varies in this

area, and (3) the budget of DIC in these reservoirs.

Methods

Study area

The Wujiang River is the largest tributary to the upper

reaches of the Changjiang River and ends at Fuling City,

where the waterway continues to join the Changjiang River

(Fig. 1). With a total length of 1,037 km, a drainage basin

of 88,267 km2 and a mean water discharge of 1,690 m3/s,

the Wujiang is the largest river in the Guizhou Province

(Han and Liu 2004; Yu et al. 2008).

The Wujiang basin is located in karstic areas with an

average annual temperature of 12.3 �C. The coldest month

is January with an average temperature of 3.5 �C, and the

hottest month is July with an average temperature of 26 �C.

The annual precipitation in this area ranges from 1,100 to

1,300 mm with roughly 75 % of that falling between May

and October. The fall is almost 1,000 m between its upper

reach (with an altitude of 1,500 m) and lower reach. Along

the upper reaches of the Wujiang River, the catchment is

developed Permian and Triassic carbonate rocks and coal-

bearing formations. The middle reaches of the Wujiang

River watershed contain Permian and Triassic limestone,

dolomitic limestone and dolomites, while the lower reaches

of the river contain mainly carbonate rocks, shale, sands

shale and siltstones (Han and Liu 2004).

The Wujiangdu (WJD) Reservoir, Dongfeng (DF) Res-

ervoir, Hongjiadu (HJD) Reservoir and Suofengying (SFY)

Reservoir are all situated along the middle and upper

reaches of the Wujiang River. They were impounded in

1979, 1994, 2004 and 2006, respectively. The main fea-

tures of these reservoirs are described in Table 1.

Sampling and analysis

Water samples were collected in April, July and October

2006, as well in January 2007, which represent spring,

summer, autumn and winter. The sampling stations are

indicated in Fig. 1. In each reservoir, samples of the inflow

and downstream waters were collected 0.5 m under the

water surface, while water samples along the water column

were carried out in the central part of the reservoir using a

Niskin bottle. For the tributaries, water was taken 0.5 m

under the water surface. During sampling seasons, the

subsidiary facilities of SFY Reservoir were still under

construction. Therefore, this reservoir’s water profile was

not sampled.

The pH and temperature (T) were measured in situ with

a portable YSI 6600V2 (YSI Inc., USA). Alkalinity was

titrated with HCl in the field. For d13CDIC determination,

100 mL of water was filtered through a 0.45 lm polycar-

bonate membrane poisoned with a few drops of saturated

HgCl2 solution immediately after sampling, and stored in
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100 mL plastic bottles in a cool box. d13CDIC determina-

tion was performed following the method described by

Atekwana and Krishnamurthy (1998). 15 mL of water

sample is injected into the closed evacuated glass vessels

already containing approximately 2 mL of concentrated

phosphoric acid and was then heated at 50 �C for CO2

extraction. Extracted CO2 was quantitatively frozen into an

evacuated vial cooled with liquid nitrogen, and the result-

ing gas was analyzed on an MAT252 mass spectrometer

with the analytical precision at ±0.1 %.

Major cations (Mg2?, Ca2?, K? and Na?) were ana-

lyzed by inductively coupled plasma-optical emission

spectrometry (ICP-OES; Vista MPX, Varian Inc.) and the

anions (SO4
2-, Cl- and NO3

-) by high performance liquid

chromatography. The typical precisions of major ions are

about ±5 %.

pCO2 was calculated from HCO3
- and pH. Henry’s

constant (KH) and first dissociation constants for CO2 gas

in water (K1) were corrected by temperature and ionic

strength (Stumm and Morgan 1981; Raymond et al. 1997;

Barth and Veizer 1999; Telmer and Veizer 1999). Calcite

saturation index (SIc) was calculated from Eq. 1:

SIc ¼ log Ca2þ� �
CO2�

3

� �
=Kc

� �
: ð1Þ
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Fig. 1 Map showing the reservoir and sampling locations

Table 1 The main characteristics of the reservoirs in the studied area

Item Hongjiadu Dongfeng Wujiangdu Suofengying

Running age

(till 2006)

(year)

3 13 28 0

Normal water

level (m)

1,140 970 760 837

Total storage

capacity

(108 m3)

49.17 10.25 21.4 2.01

Average

annual

discharge

(m3/s)

155 345 502 395

Average

annual

runoff/

108 m3

48.9 109 158.3 124.6

Reservoir area

(km2)

80.5 19.7 47.5 5.7

Height of dam

(m)

179.5 168 165 115.8

Hydrological

Retention

Time (year)

1 0.1 0.14 0.016
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Kc is the temperature-dependent equilibrium constant

for calcite dissociation.

The diffusion flux of CO2 can be calculated with the

Eq. 2:

F ¼ kðpCO2w�gassatÞKH: ð2Þ

where, F is the diffusion flux of CO2 between water and

the atmosphere, pCO2w is the partial pressure of CO2 in the

surface water and gassat is the equilibrium concentration of

atmospheric CO2 (390 latm, http://www.esrl.noaa.gov/

gmd/ccgg/globalview/co2/co2_whatsnew.html) in water.

KH is Henry’s constant corrected via temperature. The

piston velocity, k (cm/h), of CO2 at the water–air interface

can be affected by different factors such as river runoff,

turbidity, velocity of flow, wind speed and water depth

(Abril et al. 2006; Wanninkhof 1992). Considering the

similar hydrographic features between studied reservoirs

and other reservoirs on the Maotiao River (which belong to

the Wujiang River, see Fig. 1), in this study, the k value

(k = 3 cm/h for the reservoir surface and k = 10 cm/h for

the downstream the dam) as reported by Wang et al. (2011)

was used and is referenced therein.

Hydrological data (water discharges) was provided by

the Guizhou Bureau of hydrology, as well as by the

administrative offices of local reservoirs. DIC mass load

for this data was estimated using the following procedure:

DIC concentrations of the sampling month were multiplied

by the total discharge of the 3 months of the respective

season. Precipitation contribution was not included in the

estimate because direct precipitation on the water area of

HJD reservoirs was \3 % of its total incoming water, and

just 0.3, 0.1 and 0.7 % in DF, SFY and WJD reservoirs,

respectively. Furthermore, no flood discharge occurred in

these reservoirs during the sampling year. As a result, the

calculation of DIC load is based on the inflow and outflow.

For the reservoirs in series, the head water reservoir (HJD

in this study) generally has more than 1-year storage

capacity, while the downstream reservoirs have smaller

storage capacities (i.e. both DF and WJD are seasonal

storage reservoirs, and SFY is a daily storage reservoir). In

our sampling year, the ratio of output to input of water in

the HJD was 79.3 %. The ratios were 91.4, 100 and 95.6 %

for DF, SFY and WJD reservoirs, respectively. So, both the

actual DIC retention/release rates, as well as the assumed

rate were calculated.

To qualify the contribution of organic matter decom-

position to downstream, the following 13C mass balance

Eq. (3) was used:

d13CDIC ¼ d13Cccfcc þ d13Corg 1� fccð Þ: ð3Þ

d13CDIC: d13C of DIC in the discharge water; d13Ccc:

d13C of DIC from chemical weathering (-8.5 %);

d13Corg: d13C of organic matter which was decomposed in

reservoirs. f is the fraction. This study used -23 % as the

isotopic composition of the organic matter here (Li et al.

2008), and assumed that all CO2 decomposed from organic

matter dissolves into DIC.

Results

Major water chemistry

Due to the widespread carbonate rocks in the studied area,

HCO3
- was the dominant anion in the Wujiang River with

a range from 1.1 to 2.87 mmol L-1 and an average value of

2.22 mmol L-1. The second major anion was SO4
2- with

an average concentration of 0.81 mmol L-1. Cl- and

NO3
- concentrations ranged from 0.05 to 0.26 mmol L-1

and from 0.05 to 0.34 mmol L-1, respectively. In most

samples, HCO3
- and SO4

2- accounted for more than 90 %

of total anions.

Ca2? and Mg2? were the most prevalent cations

accounting for more than 80 % of the total cations. The

prevalence of Ca2?, Mg2? and HCO3
- revealed extensive

dissolution of carbonate rocks. However, in the Wujiang

River, Ca2? and Mg2? were largely in excess with respect

to HCO3
-, and excess Ca2? and Mg2? could be balanced

by SO4
2-. Dissolution of sulfate evaporite and oxidation of

sulfide minerals were considered to be the possible sources

of SO4
2- in this area (Han and Liu 2004; Li et al. 2008).

Water temperature and pH

Water temperature ranged from 11.1 to 30.5 �C with a

mean of 19.2 �C, and pH ranged from 7.1 to 9.0 with a

mean value of 8.2. Generally, temperature and pH in the

surface water showed a similar trend along the main

channel of the Wujiang River (Fig. 2). With the exception

of winter when the water mixed through the water columns

in these reservoirs, water with lower pH and temperature

was released from the dams for the rest of the seasons. For

instance, the maximum temperature difference between

epilimnion and downstream the dam was up to 8 �C with a

pH of 1.2 in the Wujiangdu Reservoir in July. Both pH and

temperature in the water gradually increased during its

journey to the downstream reservoir.

Inorganic carbon system

The concentrations of different species and the isotopic

compositions of DIC are listed in Table 2. Seasonally, DIC

had the highest concentration in spring with an average of

2.61 mmol L-1. In summer, autumn and winter, the mean

concentrations of DIC were 2.04, 2.19 and 2.35 mmol L-1,

Environ Earth Sci

123

http://www.esrl.noaa.gov/gmd/ccgg/globalview/co2/co2_whatsnew.html
http://www.esrl.noaa.gov/gmd/ccgg/globalview/co2/co2_whatsnew.html


respectively. DIC concentrations increased downriver in

July and October, but showed insignificant changes in

April and January (Table 2). In addition, there was a sig-

nificant increase in DIC concentration in downstream

dams, particularly in July and October. The maximum

difference of DIC concentrations between the epilimnion

of reservoir and its downstream was observed in HJD

reservoir in October with a value of 0.36 mmol L-1.

The partial pressure of CO2 (pCO2) in the surface water

ranged from 71 to 8,480 latm, and demonstrated a sig-

nificant seasonal and longitudinal discontinuity (Fig. 3). In

most samples, pCO2 was above the atmospheric level (i.e.

around 390 ppm). However, samples taken in April had a

mean pCO2 of 375 latm indicating a status of undersatu-

ration. In July and October, pCO2 had a significant increase

in water downstream the dams (Fig. 3). In January, only

DF and WJD reservoirs had high pCO2 in their discharge,

and in April, the differences in pCO2 decreased in each

reservoir. Consequently, the CO2 flux was significantly

different between reservoir surface and downstream the

dam (Table 2).

Controlled by the pCO2, the saturation index of calcite

(SIc) also demonstrated an obvious seasonal discontinuity

along the river channel. The SIc results of most of the

samples were above zero indicating that the water was

oversaturated with CaCO3. As a result, precipitation of

calcite was thermodynamically favored along the river.

However, SIc in the downstream the dams showed an

abrupt decrease down to below zero in July and October

(Table 2). During its transport downstream, SIc increased

again to above zero. In January, only the DF reservoir

released water with SIc below zero.

In summer and autumn, d13CDIC also showed a discon-

tinuity between epilimnion in reservoir and downstream

waters. d13CDIC ranged from -3 to -11.4 % with a mean

value of -7.8 % (Table 2; Fig. 4), indicating that the

major source of DIC is from carbonate weathering. While

d13CDIC decreased downriver in all seasons, this trend was

more notable in July and October. A ‘‘sudden fall’’ of

d13CDIC was observed in the downstream of each reservoir,

especially in the upstream reservoir (HJD).

As shown in Fig. 5, seasonal thermal stratification of the

water columns developed in the studied reservoirs. Gen-

erally, the temperature gradient began to form from April

in these reservoirs, and thermal stratification could persist

from July to October. In January, the water mixed well

vertically. Contrary to water temperature, DIC concentra-

tions along the water column tended to increase from the

epilimnion to hypolimnion, particularly in warmer seasons.

In January and April, DIC concentrations were signifi-

cantly higher than those in July and October (Fig. 5).

However, during all seasons in the WJD reservoir, DIC

concentration was relatively stable along the water column.

Figure 6 shows the seasonal distribution of pCO2 and

d13CDIC. There were significant variations of pCO2 in these

reservoirs. Hypolimnion had high pCO2 in the warmer

seasons, especially in the summer. Due to the elimination

of thermal stratification during the cold seasons there was

little variation in pCO2 in the water column. Compara-

tively, the headwater reservoirs (HJD) had the highest

mean pCO2, while the WJD reservoir had the lowest

average among the reservoirs. d13CDIC showed a similar

distribution to that of pCO2 in the studied reservoirs

(Fig. 6). Epilimnion had more positive d13CDIC than

hypolimnion. Among these reservoirs, d13CDIC in WJD

reservoir was the lowest, indicating that the largest con-

tribution of DIC comes from respired carbon. In cold

seasons, the difference of d13CDIC between top and bottom

water lessened due to the mixing of the water column.

DIC budget

Based on the result of DIC fluvial flux and CO2 emission

flux, only DF Reservoir retained 6.16 % of DIC. On an

annual basis, HJD, SFY and WJD reservoirs all exported an

excess of 0.7, 11.8 and 0.4 kton of DIC, respectively

(Table 3). These estimates from the sampling year showed

different source/sink effect on DIC in these reservoirs

partly due to the water imbalance in HJD and DF

reservoirs.

10

15

20

25

30

050100150

Distance from Wujiang Reservoir dam /km

Te
m

p
Oct Apr Jul Jan

a
1 2 3

4

7.0

7.5

8.0

8.5

9.0

9.5

050100150

Distance from Wujiang Reservoir dam /km

pH

Oct Jan Apr Julb
431 2

Fig. 2 Seasonal variations of water temperature a and pH b in the

surface water along the mainstream of Wujiang. The vertical dash

lines 1, 2, 3 and 4 stand for the locations of the dams of Hongjiadu,

Dongfeng, Suofengying and Wujiangdu reservoirs, respectively

Environ Earth Sci

123



Table 2 Chemical and inorganic carbon isotopic data for the Wujiang reservoir-river system

Sites Date (day/

month/year)

d13C-DIC

(%)

CaCO3

(SIc)

pCO2

(latm)

T (�C) HCO3
-

(mmol/L)

CO3
2-

(mmol/L)

CO2

(lmol/L)

DIC

(mmol/L)

F-CO2

(mmol/m2/d)

A 20-Apr-05 -7.33 1.02 271.6 20.5 2.40 0.05 10.6 2.46

B 20-Apr-05 -7.39 1.03 269.2 19.9 2.40 0.05 10.7 2.46

C 20-Apr-05 -7.27 1.06 281.2 19.9 2.51 0.05 11.2 2.57 -3.1

D 20-Apr-05 -7.44 0.82 384.9 14.2 2.44 0.03 18.3 2.48 -0.6

W - 1 20-Apr-05 -7.37 1.02 387.9 23.8 2.65 0.04 13.7 2.70

E 21-Apr-05 -7.35 0.95 352.9 18.6 2.55 0.04 14.6 2.60

F 21-Apr-05 -8.17 0.94 347.6 17.3 2.55 0.04 15.0 2.60

G 21-Apr-05 -7.64 0.92 338.9 14.6 2.57 0.03 15.9 2.62 -1.7

H 21-Apr-05 -8.17 0.72 536.1 13.2 2.61 0.02 26.3 2.65 17.2

S - 1 21-Apr-05 -7.55 0.9 321.4 12.4 2.51 0.03 16.2 2.56

S - 2 21-Apr-05 -7.46 0.96 354.8 18.4 2.57 0.04 14.8 2.62

I 22-Apr-05 -8.33 0.75 547.8 16.3 2.57 0.02 24.3 2.62 5.0

J 22-Apr-05 -8.14 0.63 664.7 13.4 2.57 0.02 32.4 2.62 32.2

M - 1 22-Apr-05 -7.92 0.94 504.1 20.2 2.87 0.03 19.9 2.93

Y - 1 22-Apr-05 -8.5 0.72 496 14.3 2.40 0.02 23.5 2.44

K 23-Apr-05 -8.23 1.03 268.2 14.5 2.57 0.04 12.6 2.63

L 23-Apr-05 -7.82 0.83 424.3 14.4 2.57 0.03 20.0 2.62

M 23-Apr-05 -8.36 1.36 137.2 16.9 2.55 0.09 6.0 2.65

N 23-Apr-05 -7.25 0.62 671 14.3 2.57 0.02 31.8 2.62

O 23-Apr-05 -9.57 1.05 278.8 17.7 2.57 0.05 11.9 2.63 -3.4

P - 1 23-Apr-05 -7.9 1.28 178.6 19.1 2.57 0.08 7.3 2.65

X - 1 23-Apr-05 -11.36 1.28 171.6 16.7 2.55 0.07 7.5 2.63

P 24-Apr-05 -8.69 0.88 449 16.8 2.65 0.03 19.6 2.69 6.2

A 23-Jul-05 -3.2 0.55 406.1 27.3 1.63 0.02 13.0 1.67

B 23-Jul-05 -3.18 0 1,557.9 26.5 1.71 0.01 51.0 1.76

C 23-Jul-05 -4.49 0.33 890.2 25.9 1.84 0.01 29.7 1.88 12.0

D 23-Jul-05 -8.51 -0.66 8,481.4 20 1.90 0.00 336.1 2.24 769.5

W - 1 23-Jul-05 -3.78 0.55 488.3 26.2 1.78 0.02 16.1 1.82

E 24-Jul-05 -5.54 0.23 1,257.4 27.8 1.84 0.01 39.7 1.88

F 24-Jul-05 -5.72 0.62 513.1 27.8 1.84 0.02 16.2 1.87

G 24-Jul-05 -5.95 0.31 1,069.7 27.3 1.89 0.01 34.2 1.94 15.7

H 24-Jul-05 -8.66 0.11 1,919.2 21 2.13 0.01 73.8 2.21 141.1

S - 1 24-Jul-05 -8.69 -0.12 2,926.9 23.2 1.95 0.00 105.4 2.06

S - 2 24-Jul-05 -5.69 0.18 1,468.5 29 1.84 0.01 44.8 1.89

I 25-Jul-05 -7.25 0.49 1,107.2 24.7 2.35 0.01 38.2 2.40 17.8

J 25-Jul-05 -8.65 0.03 2,570.1 22 2.24 0.00 95.9 2.34 195.2

M - 1 25-Jul-05 -2.96 0.81 71.4 27.1 1.10 0.05 2.3 1.15

Y - 1 25-Jul-05 -7.27 0.58 807.9 27 2.09 0.01 26.1 2.13

K 26-Jul-05 -7.67 0.36 1,276.2 23.5 2.19 0.01 45.6 2.24

L 26-Jul-05 -8.21 0.68 651.8 25.5 2.17 0.02 22.0 2.21

M 26-Jul-05 -6.28 0.99 287.7 27.5 2.08 0.04 9.2 2.13

N 26-Jul-05 -5.35 1.33 148.1 29.8 2.17 0.09 4.4 2.27

O 26-Jul-05 -6.56 1.33 155 29.7 2.17 0.09 4.6 2.26 -5.1

P – 1 26-Jul-05 -5.02 1.24 153.8 30.5 1.98 0.08 4.5 2.07

X - 1 26-Jul-05 -5.11 0.96 294.5 29.1 1.95 0.04 9.0 1.99

P 27-Jul-05 -8.57 0.07 2,709.8 22 2.37 0.00 101.1 2.48 207.8

A 17-Oct-05 -5.44 0.53 526.1 22.2 1.86 0.02 19.5 1.89

B 17-Oct-05 -5.65 0.59 453 22.1 1.84 0.02 16.9 1.87
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In fact, river water will finally reach a balance on the over-

year scale. Thus, the assumed DIC budget was also estimated

by taking into account the imbalance of water volume

between inflow and outflow, given that the retained water in a

reservoir had been released and the balance of water volume

had been reached. Under this assumption, all reservoirs

Table 2 continued

Sites Date (day/

month/year)

d13C-DIC

(%)

CaCO3

(SIc)

pCO2

(latm)

T (�C) HCO3
-

(mmol/L)

CO3
2-

(mmol/L)

CO2

(lmol/L)

DIC

(mmol/L)

F-CO2

(mmol/m2/d)

C 17-Oct-05 -6.09 0.74 312.2 21.8 1.84 0.02 11.7 1.87 -2.1

D 17-Oct-05 -9.45 -0.16 3,422.5 16.8 2.20 0.00 149.7 2.36 318.4

W - 1 17-Oct-05 -5.67 0.55 545.7 22.1 1.93 0.02 20.3 1.96

E 18-Oct-05 -7.72 0.5 674.1 21.8 1.91 0.01 25.3 1.95

F 18-Oct-05 -7.83 0.39 880.4 22.1 1.93 0.01 32.8 1.97

G 18-Oct-05 -7.89 0.35 1,008.5 21.5 1.98 0.01 38.2 2.03 16.9

H 18-Oct-05 -9.05 -0.06 2,790.9 18.9 2.11 0.00 114.4 2.23 236.2

S – 1 18-Oct-05 -9.93 -0.03 2,433.1 17.2 2.11 0.00 105.1 2.22

S - 2 18-Oct-05 -7.81 0.49 733.1 21.8 1.98 0.01 27.5 2.02

I 19-Oct-05 -8.53 0.48 838.5 21 2.09 0.01 32.2 2.14 12.4

J 19-Oct-05 -9.6 -0.46 7,725.2 19.7 2.20 0.00 308.9 2.51 704.0

M - 1 19-Oct-05 -8.12 0.29 1,743.3 19.5 2.57 0.01 70.1 2.65

Y - 1 19-Oct-05 -9.19 -0.15 3,888.2 20 2.20 0.00 154.1 2.36

K 20-Oct-05 -8.72 -0.35 6,161.6 20 2.20 0.00 244.2 2.45

L 20-Oct-05 -9.23 -0.25 4,894.7 20 2.20 0.00 194.0 2.40

M 20-Oct-05 -8.83 -0.03 2,734.8 20.3 2.13 0.00 107.4 2.24

N 20-Oct-05 -9.24 0.05 2,535.3 20.8 2.20 0.00 98.1 2.31

O 20-Oct-05 -8.92 -0.08 3,160 20.8 2.13 0.00 122.2 2.26 77.1

P-1 20-Oct-05 -9.05 -0.01 2,585.1 20.9 2.09 0.00 99.7 2.20

X - 1 20-Oct-05 -8.92 0 2,688.1 20.9 2.13 0.00 103.7 2.24

P 21-Oct-05 -9.16 -0.1 3,294.9 20.5 2.13 0.00 128.6 2.26 272.1

A 10-Jan-06 -8.02 0.37 764.4 12.4 2.20 0.01 38.5 2.25

B 10-Jan-06 -7.85 0.39 789.4 12.4 2.28 0.01 39.8 2.33

C 10-Jan-06 -8.27 0.31 928 12.4 2.28 0.01 46.8 2.33 19.5

D 10-Jan-06 -8.98 0.38 857.4 12.8 2.35 0.01 42.6 2.40 55.8

W - 1 10-Jan-06 -8.05 0.26 1,090 12.5 2.28 0.01 54.7 2.34

E 11-Jan-06 -8.48 0.39 790.2 13.5 2.20 0.01 38.4 2.25

F 11-Jan-06 -8.59 0.44 722.1 13.7 2.20 0.01 34.9 2.25

G 11-Jan-06 -8.27 0.55 534.6 13.5 2.20 0.02 26.0 2.25 5.1

H 11-Jan-06 -8.87 -0.36 4,684.5 13.2 2.28 0.00 230.0 2.51 506.0

S - 1 11-Jan-06 -8.98 -0.01 2,230.5 13.2 2.28 0.00 109.5 2.39

I 12-Jan-06 -8.47 0.29 946 13.4 2.10 0.01 46.1 2.15 19.5

J 12-Jan-06 -8.45 0.26 1,013.5 13.4 2.10 0.01 49.4 2.16 73.0

M - 1 12-Jan-06 -8.7 0.34 1,274.4 11.1 2.62 0.01 67.0 2.70

X - 1 12-Jan-06 -9.39 0.57 639.4 14.7 2.28 0.01 29.9 2.32

Y - 1 12-Jan-06 -8.68 0.66 519 13.6 2.35 0.02 25.1 2.39

K 13-Jan-06 -8.43 0.45 760.7 13.5 2.28 0.01 37.0 2.33

L 13-Jan-06 -9.04 0.8 365.8 13.2 2.35 0.03 18.0 2.39

M 13-Jan-06 -9.11 0.57 641 14.9 2.28 0.01 29.8 2.32

N 13-Jan-06 -9.66 0.53 684.4 14.6 2.28 0.01 32.1 2.32

O 13-Jan-06 -9.04 0.58 640.6 14.1 2.35 0.01 30.5 2.40 8.6

P – 1 13-Jan-06 -9.21 0.65 560.3 14.5 2.35 0.02 26.4 2.39

S - 2 13-Jan-06 -8.78 0.41 834.5 13.6 2.28 0.01 40.4 2.33

P 14-Jan-06 -9.6 0.05 2,184.4 14.3 2.31 0.00 103.5 2.42 204.0
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become sources to the DIC. For example, about 26.6 % more

of the DIC was discharged downstream than that annually

entering the HJD reservoir. The assumed exporting rates for

DF, SFY and WJD reservoirs were 7.9, 6.2 and 11.8 %,

respectively (Table 3). The main possible source for these

excess DIC is from the microbial transformation of organic

carbon to inorganic carbon in these reservoirs (Table 4).

Furthermore, calcite precipitation possibly impacts on the

DIC fluxes, but it was not estimated here.

Discussion

Factors controlling d13CDIC in the impounded river

In general, DIC in the river water are mainly derived from:

(1) the dissolution of carbonates, (2) soil CO2, (3) respi-

ration process in the river and (4) direct input from pre-

cipitation. Source (4) generally has a minor contribution to

the river DIC pool (Telmer and Veizer 1999). The atmo-

spheric CO2 invasion may also contribute to the river DIC

pool, when pCO2 in river water is lower than that in

atmosphere. In this study, most samples had pCO2 con-

siderably higher than atmospheric level with the exception

of a few samples in April (Table 2). Thus, sources (1), (2)

and (3) should be the major DIC sources to the studied

reservoirs. In these sources, marine limestone carbonate

typically has an average d13C of 0 % (Andrews et al.

2001); d13C of soil CO2 in this area was reported to be

about -23 % with a range of -28.7 to -17.9 %, likely

originated from the decomposition of organic matter pro-

duced by C-3 plants (Li et al. 2008). The dissolution of soil

CO2 in soil water will lead to an enrichment of 13C giving

soil water an average d13C of -17 % (Telmer and Veizer

1999). Dissolution of marine carbonates (d13C & 0 %) in

soil water generally produces DIC with d13C around

-8.5 %. As a result, due to the karstic lithological back-

ground in this study, chemical weathering should be the

main contribution to river DIC, with d13CDIC around

-8.5 %. Consequently, d13CDIC deviating from this value

will reflect other biogeochemical processes or the input of

respired CO2.
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Fig. 3 Seasonal variations of pCO2 in the surface water along the
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Rivers do not passively transport carbon to the oceans.

The presence of lakes and reservoirs has significant

impacts on the fluxes and compositions of riverine DIC

(Brunet et al. 2005; Wachniew 2006). First, after a river is

impounded, algal photosynthesis will be enhanced due to

both the improvement of transparency in the reservoir and

the decrease in flow speed. Photosynthetic assimilation of

CO2 leads to the enrichment of 13C in the remaining DIC

pool toward *1 % of d13CDIC (Fig. 7), which is only the

result of the equilibrium fractionation of CO2 exchange

between atmosphere and the river (Yang et al. 1996; Au-

cour et al. 1999). CO2 outgassing may also lead to 13C

enrichment in DIC (Doctor et al. 2008). Figure 7 showed

that the most samples in July and October were above the

dissolution line of carbonate indicating the influence of

photosynthesis and CO2 outgassing. This is because during

these two seasons, pCO2 in the river was significantly

higher than the atmospheric level. The decomposition of

autochthonous and allochthonous organic matter in these

reservoirs releases DIC (d13C \ -25 %) into the DIC

pool. As a result, d13CDIC values will fall below the dis-

solution line of carbonate, and higher pCO2 should be

observed in the water column (Fig. 7; Table 2). For

instance, water downstream the dams during summer and

autumn had d13CDIC below the carbonate dissolution line,

and also showed higher DIC concentrations (Fig. 7;

Table 2). The high pCO2 in the discharged water was

possibly a result of increasing contribution from microbial

respiration. From winter to spring, samples of mainstream

and tributaries showed less variation in DIC concentration

and d13CDIC. This can be explained by the water column

mixing during this period. Figure 7 plots DIC concentra-

tion versus d13CDIC, from which main processes and DIC

sources that influenced river d13CDIC could be explained.
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Mechanisms for the seasonal discontinuity of inorganic

carbon system

Due to the deep incision by the river on the karstic back-

ground, reservoirs on the Wujiang are quite deep, usually

with a maximal depth of more than 100 m. As a result, the

stratification of both temperature and water chemistry is

easy to develop, as shown in Figs. 5 and 6. Due to the

hypolimnetic discharge for hydropower in these reservoirs,

released water from the dams had similar physical and

chemical characteristics of deep water of the same reser-

voirs; the discharged water contained the characteristics of

water found below 20 m in reservoirs (Fig. 8) with higher

pCO2 and more negative d13CDIC as the result of the

addition of respired carbon, which fall into the lower right

of Fig. 8.

However, photosynthesis and the CO2 degassing in the

surface water of the river and the reservoirs can both lower

pCO2. Both processes also cause the increase in d13CDIC

values, and these waters fall into the upper-left of Fig. 8.

Doctor et al. (2008) also reported that isotopic fractionation

of DIC due to CO2 outgassing may be the primary cause of

increased d13CDIC values downstream when pCO2 of sur-

face water exceeds twice the atmospheric CO2 concentra-

tion. In colder seasons (winter to spring), most water

samples are located near the line of carbonate dissolution

(Fig. 7) indicating the control of carbonate weathering.

The physical obstruction of the dam has significant

impacts on the inorganic carbonate equilibrium system

particularly in the warmer seasons. The apparent discon-

tinuity of inorganic carbon species could be observed when

water was released from the dam. The transformation
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among carbon species in the reservoirs should be the main

effect on the evolution of inorganic carbon along these

reservoirs. On the whole, reservoirs tend to increase the

export of DIC downstream due to the decomposition of

organic matter in the deep water. Our results showed that

reservoirs with longer hydrological retention time have a

higher discharge rate of DIC (Table 3).

Conclusions

Dams have a major impact on the flux and isotopic com-

positions of riverine DIC, as well as the major physical and
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Fig. 7 Scatter diagram of DIC versus d13CDIC for the surface waters

of the Wujiang reservoir-river system

Table 3 Budget of DIC for the reservoirs on the Wujiang River

Reservoirs Sites Input/

output

Annual

discharge

(106 m3)

DIC

flux

(kton/a)

Total DIC

input flux

(kton/a)

CO2

emission

(kton/a)

Actual DIC

output flux

(kton/a)

Net

flux

(kton/a)

Trapping or

releasing

rate (%)

DIC in

retained

water (kton)

Assumed

releasing

ratea (%)

HJD W - 1 Input 255.50 6.30 59.10 2.32

A Input 2,299.50 52.80

D Output 2,024.97 57.50 59.82 0.7 1.2 15.05 26.68

DF D Input 2,024.97 57.50 172.60 0.77

S - 1 Input 4,307.52 115.10

H Output 5,789.22 161.20 161.97 -10.6 -6.16 15.13 7.97

SFY H Input 5,789.22 161.20 190.30 0.34

M – 1 Input 1,225.15 29.10

J Output 7,020.65 201.80 202.14 11.8 6.2 0.00 6.22

WJD J Input 7,020.65 201.80 224.40 4.02

Y - 1 Input 345.70 9.40

X - 1 Input 254.82 6.70

P - 1 Input 236.45 6.50

P Output 7,511.69 220.80 224.82 0.4 0.2 10.17 11.81

a this rate was calculated taking the DIC in the retained water into account. DIC in the retained water was calculated as: after discharge

weighted, DIC annual average concentration in the releasing water was multiplied with the difference in volumes between incoming water and

releasing water of each reservoir

Table 4 Contribution of organic matter degradation to DIC in dis-

charge water

Sites Date Contribution

of OC degradation

(%)

D Apr-05 –

Jul-05 0.07

Oct-05 6.55

Jan-06 3.31

H Apr-05 –

Jul-05 1.10

Oct-05 3.79

Jan-06 2.55

J Apr-05 –

Jul-05 1.03

Oct-05 7.59

Jan-06 –

P Apr-05 1.31

Jul-05 0.48

Oct-05 4.55

Jan-06 7.59

– No value, d13CDIC [ -8.5 %
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chemical parameters. The carbon chemistry in the river

water showed seasonal and longitudinal variations along

the river course. In warm seasons, photosynthesis and CO2

evasion into the atmosphere were the major pathways for

altering the inorganic carbon equilibrium in surface water.

These processes also led to the surface water over satu-

rating to calcite. In the hypolimnion, respiration became

more important which led to higher pCO2 and lower

d13CDIC. Consequently, water released from the dams

contained significant differences in chemical composition

to that of the upstream waters. In colder seasons, water was

well mixed and dam effect on downstream water chemistry

weakens. These reservoirs were the source for DIC, if the

imbalance of water is taken into account. The headwater

reservoir (HJD) is the largest source for DIC with an

exporting rate of 26.7 % followed by WJD, DF and SFY

reservoirs.
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