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We describe the anthropogenic impacts on the major 
dissolved elements (Cl−, NO

3
−–N, SO

4
2−, and Na+) in the 

water from the Minjiang River (a headwater tributary of the 
Yangtze River) and upper Yangtze River in relation to increasing 
human activity. Th e major element chemistry and hydrogen, 
oxygen, and sulfur isotopic compositions were investigated. 
When the Minjiang River fl ows through the populated Sichuan 
Basin, the concentrations of Cl−, NO

3
−–N, SO

4
2−, and Na+ 

gradually increase. Th e increasing SO
4
2− in the highly polluted 

Minjiang River had high δ34S values (+6.3 to approximately 
+13.6‰), implicating the anthropogenic sources of sulfur from 
air pollutants, domestic wastewater, industrial effl  uents, and 
agricultural fertilizers. Th e water quality of the upper Yangtze 
River does not worsen after receiving the Minjiang River because 
the water from the lightly polluted Jinshajiang River contributes 
most of the total fl ux in the Yangtze River. However, these rivers 
deserve attention and further research because the Yangtze River 
is the most important river in China in terms of water quality.
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The Yangtze River, originating from the Tibetan Plateau at 

an elevation higher than 5000 m, is the longest river (6300 

km long) in Asia and the third longest in the world after the 

Amazon in South America and the Nile in Africa (“Changjiang” 

means “long river” in Chinese). According to Changjiang River 

Water Resources Commission in China (CWRC, 2000), the 

section above Yichang station (where the Th ree Gorges Dam is 

located) is called the Upper Reach, which is 4500 km long, with 

a catchment area of 1.04 × 106 km2. Th e Upper Reach accounts 

for 70.4% of Yangtze River’s total area (Fig. 1).

Th e interest in the Yangtze River lies not only in its enormous 

size, complex geomorphology, and beautiful scenery but also in 

the way the river operates as an essential lifeline in China. Th e 

Yangtze River is the most important river among the seven nation-

al-size water systems in China in terms of the water quality (SEPA 

China, 2006). Th e river has infl uenced the lives of people who live 

nearby. In return, the people there have attempted to control the 

river. As an example, the world’s largest dam (the Th ree Gorges 

Project) is being constructed. Th is project was formally approved 

by China’s National Peoples’ Congress in 1992. Since then, the 

dam has been under construction. With increasing concern about 

its eff ect on the environment, many research works on the upper 

Yangtze River have been done in the past years (Chen et al., 2000, 

2001, 2002; Higgitt and Lu, 2001; Lu and Higgitt, 2001; Varis 

and Vakkilainen, 2001; Yin and Li, 2001; Tan and Wang, 2004; 

Zhang and Wen, 2004; Liu et al., 2006; Qin et al., 2006).

Th e upper reaches of the Yangtze River are of signifi cant stra-

tegic importance to the Yangtze River basin and to the sustainable 

development of the nation. Th e environment in the upper reaches 

has deteriorated due to anthropogenic pollution and erosion 

caused by deforestation and loss of vegetation cover. At the end 

of 1970s, China opened its country and embarked on economic 

reform that has been associated with rapid urbanization (Qin and 

Chen, 2001). Th e consequences are considerable changes in land 

use: A large proportion of the peri-urban landscape has changed 

from agriculture or residential uses to predominantly industrial, 

whereas other areas have shifted from predominantly paddy rice to 

intensive vegetable production. Th e excessive growth of the popu-

lation and the continually increasing population densities have 
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resulted in over-cultivation, overgrazing, and haphazard logging 

and have led to agrochemical pollution, reduction in vegeta-

tion, and exacerbated desertifi cation. Human activities, such as 

the development of mining; the construction of dams, reser-

voirs, roads, and factories; and the development of fossil fuel–

consuming industrial sectors (e.g., metallurgy, chemical indus-

try, coal mine, textile industry, cement plants, and paper mills) 

often ignore the contaminations on the surroundings. Adequate 

attention has not been paid by government and offi  cials to the 

treatment and management of the “three wastes” (waste water, 

solid, and gas) resulting from the above-mentioned agricultural, 

industrial, and domestic activities.

As a result, growing concern has arisen about potential sur-

face water contamination in the rapidly developing areas of the 

upper Yangtze River, particularly after the construction of the 

Th ree Gorges Dam because of the changes in fl ow velocity and 

the self-purifi cation and dilution–diff usion capacities of the riv-

er water (Fig. 1). To reveal the signifi cant impacts on the river 

water quality in relation to the increasing human activities, we 

analyzed the major element chemistry and stable isotopic ratios 

of H, O, and S for river waters from the Minjiang (a headwater 

tributary of the Yangtze) and upper Yangtze rivers.

Previous Work
Chen et al. (2000) investigated the nitrogen contamination 

in the Yangtze River system, and the results indicated that the 

Minjiang and Tuojiang Rivers (the major tributaries of the upper 

Yangtze River) were the most heavily polluted. Th e research by 

Higgitt and Lu (2001) examined sediment yield and its response 

to catchments disturbance and environmental variables in the 

upper Yangtze River basin, where the attention of environmen-

talists has been drawn to the Th ree Gorges Project. Chen et al. 

(2002) studied the chemistry of major elements in the river water 

of the upper Yangtze River and observed a persistent increase in 

the concentrations of SO
4
, a signature of considerable anthro-

pogenic impacts (e.g., acid deposition). Liu et al. (2006) evalu-

ated the eff ect of human activities on the amount of nitrogen 

(N) transported to the Th ree Gorges Dam and suggested that 

the increased use of synthetic fertilizers and the decrease in the 

fertilizer N-use effi  ciency were implicated as major causal factors 

of increased riverine N transport. Qin et al. (2006) studied the 

chemical and physical weathering in the Minjiang River, a head-

water tributary of the Yangtze River. Using data from the upper 

Minjiang River and its tributaries as the baseline, they discussed 

qualitatively the anthropogenic impact on the SO
4
 and Cl in the 

lower Minjiang River. Th ese studies focus on the water quality, 

sediment yields, and water resources management. Further inves-

tigation of water contamination and pollutant sources is needed.

Study Area
Th e Minjiang, Jinshajiang, Jialingjiang, and Wujiang Rivers are 

the major tributaries of the upper Yangtze River (Fig. 1). Th e Min-

jiang River originates from the undeveloped eastern Tibetan Pla-

teau, is relatively unaff ected by human activities, and fl ows through 

Fig. 1. Location map of the study area. The dotted line denotes the bottom of Sichuan Basin (200–450 m).
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the Sichuan Basin to form the Yangtze River main channel, where 

it joints the Jinshajiang River at Yibin City. Th e Daduhe River 

fl ows through the northwest of the basin to join the Minjiang 

River at Leshan City. Th e Tuojiang River fl ows from north to south 

within the basin and joins the Yangtze River at Luzhou City. Th e 

basic data, such as length, drainage area, long-term water discharge, 

and population density of the studied rivers, are shown in Table 1.

Th e Minjiang and Tuojiang Rivers fl ow through and within 

the Sichuan Basin, which is one of the most heavily populated 

and intensely industrialized areas in China and faces serious envi-

ronmental pollution problems (Streets and Waldhoff , 2000). Th e 

basin represents about 2% of the total area of China and contains 

>10% of the national population. Since the mid-1970s, the Sich-

uan Basin area has undergone rapid development. Locally, indus-

try, agriculture, and domestic activities have posed great pressure 

on the ecological environment, especially the aquatic environ-

ment. Th e lack of the treatment plants for the produced wastes 

and ineffi  cient management results in direct contamination of 

local surface water systems in this overpopulated region.

Climate and Soil
Average annual temperatures within the study area are in the 

range of 16.0 to 18.0°C, and the mean annual precipitation is 

1200 to 1500 mm in the Sichuan Basin and 500 to 800 mm in the 

source area of Minjiang River. Precipitation is highly seasonal, with 

the rainy period (June to September) accounting for about 70% 

of the total annual precipitation (Bureau of Geology and Mineral 

Resources of Sichuan Province, 1991). Likewise, water discharge 

is highly seasonal in the rivers. Th e soil color changes progressively 

from dark brown on the Tibetan Plateau to yellow near the Sich-

uan Basin and to red in the center of the Sichuan Basin (National 

Soil Survey Offi  ce, 1998). Fertile soils and abundant rainfall pro-

vide good agricultural characteristics for growing rice and wheat.

Methods

Sampling Sites
For the present study, sampling sites were chosen at the 

source area of Minjiang River; at Dujiangyan City, where the 

Minjiang River emerges at the bottom plain of the Sichuan 

Basin; and around the cities of Leshan, Yibin, Luzhou, and 

Jiangjin (near Chongqing), for a total of 15 sampling sites for 

river water from the Minjiang, Daduhe, Jinshajiang, Tuojiang, 

and Yangtze rivers. Sampling sites are shown in Fig. 2.

Samples and Pretreatment in the Field
Th e locations of river water samples are shown in Fig. 2. To 

investigate the seasonal variability, pairs of samples were taken 

at the end of the dry (March) and rainy (September) seasons. 

Water samples from the source area of the Minjiang River and 

Dujiangyan City were collected in September 2003, and water 

samples from the Leshan, Yibin, Luzhou, and Jiangjin areas 

were collected in March and September 2004.

Water samples were collected from the mainstream of each 

river from a ship and taken from a fi xed depth (0.5 m below 

the water surface). After initial fi ltration through a 0.45-μm 

membrane fi lter (A045A047A; Advantec, Dublin, CA) on the 

spot for removing suspended particles including microorgan-

isms, water samples were stored in two bottles: One bottle was 

acidifi ed with 1:1 HCl (for the analysis of cations), and the 

other was untreated (for the analysis of anions, hydrogen, and 

oxygen isotopes). An additional aliquot of 1 to approximately 

2 L of water was sampled, and 10 to approximately 20 mL of 

1:1 HCl were added to this sample for preparation for S iso-

tope analysis. Th e sample was fi ltrated later in the laboratory.

Analytical Methods
Immediately after sampling, we measured water pH in the 

fi eld using Horiba electrodes (6066–10C; Horiba, Kyoto, 

Japan). Concentrations of Ca2+ and Mg2+ were determined 

in the laboratory by EDTA titration (Japan Society for Ana-

lytical Chemistry, 2000). Sodium and K+ were analyzed by 

atomic absorption spectrophotometry (SAS7500; Seiko In-

struments, Chiba, Japan), and anions (F−, Cl−, Br−, NO
3
−–N, 

PO
4

3−, and SO
4

2−) were analyzed using an ion chromatograph 

(DX-120; Dionex, Sunnyvale, CA). Dissolved silica (as SiO
2
) 

was analyzed by ammonium heptamolybdate photometry, and 

ammonium (as NH
4

+–N) was analyzed by indophenol pho-

tometry (Japan Society for Analytical Chemistry, 2000). Th e 

analytical precision for cations and anions was better than 5% 

relative standard deviation.

Th e oxygen isotope composition of water was measured us-

ing the automated CO
2
/H

2
O equilibration method originally 

developed by Epstein and Mayeda (1953); analytical precision 

for this method is <0.1‰ for δ18O. Hydrogen isotope analy-

sis was performed using the Cr-reduction method (Itai and 

Kusakabe, 2004), which has an analytical precision for dupli-

cated samples of <0.5‰.

Sulfate-sulfur isotopes were measured for SO
4

2− ion fi xed 

as BaSO
4
. After adding 10% BaCl

2
 solution, dissolved SO

4
2− 

was recovered by BaSO
4
 precipitation collected on a 0.45-μm 

Millipore membrane fi lter and dried in an oven at 60°C for 2 

h. Th e BaSO
4
 was thermally decomposed to SO

2
 according to 

the method described by Yanagisawa and Sakai (1983); ana-

lytical precision for δ34S was <0.2‰.

A VG SIRA10 mass spectrometer (V-G Isogas Ltd., Mid-

dlewich, UK) was used to measure δD and δ34S isotopic ratios, 

and δ18O was measured using a VG PRISM mass spectrom-

eter. All the isotope analyses were performed at the Institute 

for Study of the Earth’s Interior, Okayama University, Japan. 

Results are expressed using the standard delta notation with 

Table 1. Basic data for the studied rivers.†

River name Length
Drainage 

area
Water 

discharge
Population 

density

km km2 ×108 m3 yr−1 persons km−2

Minjiang 735 136,000 861 72

Daduhe 1062 82,700 473 42

Jinshajiang 2308 485,100 1529 45

Tuojiang 623 27,000 158 469

† Data are from National Compilation Committee of Hydrology 

Almanac, 2005.
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reference to the V-SMOW (Vienna-Standard Mean Ocean 

Water) scale for δD and δ18O values of water and the CDT 

(Canyon Diablo Troilite) scale for δ34S values of SO
4
2−.

Results

Major Chemical Compositions
Th e chemistry and stable isotopic ratios of river waters are 

shown in Table 2. Th e concentrations of anions and cations 

in the samples from the same places were generally higher in 

March than in September (Fig. 3 and 4). In general, the con-

centrations of ions in surface waters are signifi cantly higher 

during the dry season than the wet season because of the dilu-

tion by large quantities of rainfall in the latter.

Th e concentrations of Cl−, NO
3
−–N, SO

4
2−, Na+, and K+ were 

the lowest in the water from the source area of the Minjiang River 

(S0 and S1; Table 2), whereas the concentrations of these ions in 

Minjiang River waters gradually increased toward Dujiangyan City 

(S2–1 and S2–2; Table 2). Downstream at the Leshan sampling 

site, the Minjiang River water (S3–1) had high concentrations of 

Cl−, NO
3
−–N, SO

4
2−, Na+, and K+; after mixing with the Daduhe 

River water (S3–2), which contains low concentrations of these 

ions, the water quality of the mixture (S3–3) became better (Fig. 

3). Toward the end of the Minjiang River at Yibin City (S4–2), 

the concentrations of these ions were similar to those from Leshan 

(S3–3), but the concentration of SO
4
2− increased remarkably in 

the March sampling campaign and decreased in the September 

sampling campaign (Fig. 3). From the Leshan to the Yibin sites, 

the increasing SO
4
2− in March suggested the additional input of 

sulfur source; the decreasing SO
4
2− in September implied the dilu-

tion by rainfall in the rainy season during the fl ow. Th e water qual-

ity of the Yangtze River at Yibin City (S4–3) did not worsen after 

it joined the polluted Minjiang River because the less-polluted Jin-

shajiang River water (S4–1) fl ows into the Yangtze River (Table 2).

Downstream at the Luzhou site, the concentrations of 

Cl−, NO
3
−–N, SO

4
2−, Na+, and K+ of the Yangtze River water 

(S5–1) became slightly higher than those of the river water 

(S4–3) at the Yibin site (Fig. 4). Th e high concentrations of 

these ions in the Tuojiang River water (S5–2) did not signifi -

cantly aff ect the water quality of the Yangtze River (S5–3) at 

the Luzhou site after the rivers converged (Table 2; Fig. 4). Th e 

concentrations of these ions in the Yangtze River water (S6–1 

and S6–2) at the Jiangjin site did not change greatly from those 

of the river water (S5–3) at the Luzhou site (Fig. 4).

In contrast, Ca2+, Mg2+, and SiO
2
 concentrations of all sampled 

river waters remained within a similar range downstream. Rela-

tively high concentrations of NH
4
+–N were recorded in the waters 

from the Minjiang and Tuojiang rivers in March (Table 2).

Fig. 2. Sketch map of sampling sites. The arrow indicates the direction of river fl ow. The pair of wiggly lines indicates the length of the river in the 
sketch map is not real.
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Hydrogen and Oxygen Isotopes
Th e δD and δ18O values of river waters at the source area and 

Dujiangyan City fall within narrow ranges (−89.5 to −87.2‰ 

and −13.1 to −12.8‰, respectively) (Table 2). Similar low δD 

and δ18O values were recorded from Daduhe and Jinshajiang 

rivers (−106 to −85.0‰ and −14.5 to −13.3‰, respectively), 

which fl ow from high mountainous areas. In comparison, rela-

tively high δD and δ18O values were recorded in the lower part of 

the Minjiang and Tuojiang rivers (−89.7 to −56.9‰ and −12.8 

to −8.3‰, respectively), which fl ow through the center of the 

Sichuan Basin. Th e δ18O values of river water samples taken in 

March were higher than those of samples taken in September.

Sulfur Isotopes
Th e δ34S values of river water were −5.0 ‰ at the source 

area of Minjiang River and +1.3 and +1.7‰ at the Dujiangyan 

site. Downstream from the Dujiangyan site, the δ34S of river 

water ranged from +7.8 to +13.6‰ for samples collected in 

March and from +5.4 to +8.4‰ for samples collected in Sep-

tember (Table 2). Th e highest values of δ34S were found in the 

waters from the Minjiang River (+12.0 to +13.6‰ in March 

and +6.9 to +8.4‰ in September). Values of δ34S were higher 

in the waters from the Tuojiang River (+9.0‰ in March and 

+6.3‰ in September). Th e δ34S values of river water were con-

sistently about 2‰ lower in September than in March. Most 

river waters had higher δ34S values than rainwater collected 

from the same site (+1.5 to +6.0‰) (Li et al., 2006a).

Discussion

Mixing Model
Th e sampling strategy of collecting three samples around ma-

jor tributary junctions suggests that a mixing model would be ap-

propriate to establish the relative contribution from each branch. 

Th is would enable the consistency of the results to be checked by 

long-term water discharge of each river. Mass balance (stable iso-

tope values δ18O) was calculated to estimate the mixing ratios of 

the water originating from diff erent rivers into the mixture:

f
river1

 + f
river2

 = 1.0  

Table 2. Chemistry and stable isotopic data of sampled river waters.

No. Location River name Sampling date F− Cl− NO
3
−–N SO

4
2− Ca2+ Mg2+ Na+ K+ NH

4
+–N SiO

2
pH δD δ18Ο δ34S

––––––––––––––––––––––––––mg L−1–––––––––––––––––––––––––– ‰

S0 Source part Minjiang 2003–09 0.09 0.99 1.31 6.97 42.1 4.91 1.70 0.63 0.05 3.97 8.1 −89.3 −12.9 −5.0

S1 Source area Minjiang 2003–09 0.12 1.38 1.56 7.21 52.2 12.4 3.44 0.84 0.07 4.86 8.4 −89.5 −12.9 −†

S2–1 Dujiangyan Minjiang 2003–09 0.12 1.96 4.21 18.8 38.9 8.84 2.76 1.92 0.05 5.45 8.0 −87.7 −12.8 1.7

S2–2 Dujiangyan Minjiang 2003–09 0.12 1.91 4.26 19.7 35.6 8.84 3.00 1.81 0.06 5.99 8.2 −89.2 −13.1 1.3

S3–1 Leshan Minjiang‡ 2004–03 0.63 29.8 6.01 106 74.4 10.6 48.7 7.34 2.57 6.66 7.7 −63.8 −9.9 12.2

S3–2 Leshan Daduhe 2004–03 0.27 4.96 0.91 29.0 42.3 8.85 4.61 1.44 0.10 5.45 9.0 −85.0 −13.3 9.7

S3–3 Leshan Minjiang§ 2004–03 0.32 18.6 2.93 58.7 48.1 9.51 29.9 3.15 1.33 5.06 8.2 −72.0 −11.2 12.0

S4–1 Yibin Jinshajiang 2004–03 0.18 6.67 0.47 26.5 40.9 11.5 6.89 1.28 0.07 6.51 8.4 −91.1 −13.8 7.8

S4–2 Yibin Minjiang 2004–03 0.17 16.7 1.43 188 96.3 36.3 17.7 7.87 0.21 3.46 8.3 −61.2 −8.4 13.6

S4–3 Yibin Yangtze 2004–03 0.22 8.38 0.94 36.8 46.9 17.5 10.0 1.69 0.20 6.36 8.4 −86.2 −12.8 9.6

S5–1 Luzhou Yangtze¶ 2004–03 0.24 9.13 1.26 34.7 42.3 11.2 10.0 1.74 0.24 5.98 8.1 −89.5 −12.8 8.4

S5–2 Luzhou Tuojiang 2004–03 1.05 82.7 5.36 100 89.0 14.5 49.7 7.74 3.65 7.20 7.7 −56.9 −8.3 9.0

S5–3 Luzhou Yangtze# 2004–03 0.27 11.0 1.63 38.1 43.8 12.0 11.0 1.90 0.33 6.44 8.0 −86.1 −12.7 8.5

S6–1 Jiangjin Yangtze†† 2004–03 0.27 11.2 1.68 39.6 46.1 9.20 12.0 1.94 0.23 6.46 8.3 −87.4 −12.4 8.4

S6–2 Jiangjin Yangtze†† 2004–03 0.26 10.4 1.62 38.6 43.8 13.3 11.6 1.86 0.25 6.85 8.3 −87.2 −12.5 8.4

S3–1 Leshan Minjiang‡ 2004–09 0.22 11.5 2.45 46.2 53.2 10.8 11.1 3.11 0.06 7.63 7.4 −75.3 −11.0 8.4

S3–2 Leshan Daduhe 2004–09 0.12 2.96 0.77 13.7 29.0 7.82 1.54 1.10 0.05 5.43 7.7 −101 −14.1 5.9

S3–3 Leshan Minjiang§ 2004–09 0.13 10.2 1.25 43.6 51.4 8.86 9.00 2.31 0.05 6.77 7.5 −82.5 −12.0 6.9

S4–1 Yibin Jinshajiang 2004–09 0.16 16.7 0.73 19.1 32.2 8.80 11.8 0.88 0.05 7.67 8.0 −106 −14.5 6.6

S4–2 Yibin Minjiang 2004–09 0.13 4.05 1.06 21.3 33.8 7.82 3.86 0.83 0.07 6.20 8.2 −89.7 −12.8 8.1

S4–3 Yibin Yangtze 2004–09 0.14 10.8 0.83 20.4 32.7 8.28 8.23 0.85 0.06 7.34 8.1 −101 −14.0 6.7

S5–1 Luzhou Yangtze¶ 2004–09 0.13 10.4 1.03 22.6 32.2 7.82 6.79 1.30 0.06 6.10 7.6 −96.1 −13.3 5.4

S5–2 Luzhou Tuojiang 2004–09 0.36 19.2 2.58 67.8 64.5 8.80 11.5 3.54 0.08 9.50 8.1 −57.7 −8.4 6.3

S5–3 Luzhou Yangtze# 2004–09 0.14 11.5 1.04 23.4 33.8 7.82 7.51 1.29 0.07 6.57 8.0 −94.2 −13.2 5.8

S6–1 Jiangjin Yangtze†† 2004–09 0.14 10.3 1.04 21.6 33.8 7.82 8.46 1.08 0.07 7.27 7.9 −92.6 −13.0 5.9

S6–2 Jiangjin Yangtze†† 2004–09 0.14 9.50 0.93 21.0 33.8 7.82 8.13 1.04 0.09 7.53 8.0 −93.8 −13.1 5.8

† Not measured.

‡ Before mixing with the Daduhe River.

§ After mixing with the Daduhe River.

¶ Before mixing with the Tuojiang River.

# After mixing with the Tuojiang River; 

†† Two riversides of Yangtze River.
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δ18O
river1

 × f
river1

 + δ18O
river2

 × f
river2

 = δ18O
mixture

 
 

where f
river1

 and f
river2

 denote the fractions of water from river1 

and river2, respectively.

Downstream from the Dujiangyan site, the confl uence of dif-

ferent branches can be described using the δ18O values of river 

waters taken in March and September. For example, in March, 

at the Leshan site, the δ18O of water samples from Daduhe River 

(S3–2) and upstream in the Minjiang River before the junction 

(S3–1) were −13.3 and −9.9‰, respectively. Upon mixing, the 

δ18O of the downstream water (S3–3), below the junction of those 

two rivers, was −11.2‰, suggesting that the fl ux of water from the 

Daduhe River represents about 38.2% of total fl ux in downstream 

Minjiang River (S3–3) (Fig. 2). At the other site and in a diff erent 

sampling season, mixing ratios of the water originating from dif-

ferent rivers into the mixture were counted and are shown in Table 

3. At the Yibin site, the fl ux of water from the Jinshajiang River 

represents about 81.5 and 70.6% of total fl ux in the Yangtze River 

in March and September, respectively (Fig. 2); at the Luzhou site, 

the fl ux of water from the Tuojiang River represents about 2.2 and 

2.0% of total fl ux in downstream Yangtze River (S5–3) in March 

and September, respectively (Fig. 2). Th ese results approximated 

the data calculated from the long-term water discharge (Table 3).

Pollutant Source
Th e source areas of the Minjiang, Daduhe, and Jinshajiang 

rivers are mountainous areas with altitudes >3000 m and low 

population density. Precipitation in these areas is >2000 mm (Na-

tional Climatic Data Center, 2003), and the surface water is pol-

lution free. In the source area of the Minjiang River, the total ion 

concentrations of the river water were approximately the same as 

those of local rainwater (Li et al., 2006b). Before the Daduhe and 

Jinshajiang rivers enter into the Sichuan Basin, they fl ow through 

the mountainous areas, and the waters are not polluted intensively 

(Table 2; Fig. 1). On the contrary, when the Minjiang River fl ows 

through the Sichuan Basin, the concentrations of Cl−, NO
3
−–N, 

SO
4
2−, and Na+ gradually increase from the Dujiangyan to Leshan 

sites and increase further at the Yibin site (Table 2).

Chloride Source

Because chloride (Cl−) does not participate in weathering 

reactions and behaves conservatively throughout the hydro-

logical cycle, the increasing Cl− could be introduced by an-

thropogenic sources, such as household sewage that contains 

table salt, animal manure, and chlorine disinfecting treatment 

of tap water (e.g., Sherwood, 1989). Th e increasing Na+ had 

the same pattern as Cl− (Fig. 3 and 4), indicating that Na+ is 

also sourced from table salt as well as silicate weathering and 

cation exchange (Négrel and Pauwels, 2004).

Nitrogen (NH
4

+–N and NO
3
−–N) Source

High NH
4
+–N and NO

3
−–N concentrations 

were recorded in the river waters taken in March 

(Table 2), especially for the Minjiang River at Leshan 

and the Tuojiang River at Luzhou. Th is is in accord 

with the results reported by Chen et al. (2000), who 

studied the nitrogen contamination in the Yangtze 

River system. Nitrogen contamination of surface wa-

ter was widespread in the areas of intensive land use 

because NO
3
− is highly mobile in the environment 

(Négrel and Pauwels, 2004). To fulfi ll the increased 

food demands as the population of the Sichuan 

Basin increases, agricultural activities have become 

extremely intensive, using enormous amounts of 

nitrogen-containing chemical fertilizers (Chen et al., 

2000; Liu et al., 2005). Th erefore, nitrogen leached 

from the agricultural soils could result in the high 

NH
4
+–N and NO

3
−–N concentrations in the river 

waters. In addition, other sources, such as household 

Fig. 3. Ion concentrations in the water along the Minjiang River in 
diff erent seasons.

Fig. 4. Ion concentrations in the water along the Yangtze River in diff erent seasons.
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sewage and industrial wastewater from chemical 

fertilizer plants, might be linked to elevated nitro-

gen concentrations.

Sulfur Source

Th e trend of increasing of sulfur (SO
4
2−) concen-

trations can be produced by anthropogenic sources. 

Chen et al. (2002) studied the major element 

chemistry of the Yangtze River and argued that the 

increasing SO
4
2− concentrations in the upper part of 

this river correspond very well with coal consump-

tion in the Sichuan Basin. Qin et al. (2006) com-

pared the analytical results of river water in upstream 

and downstream sites of the Minjiang River. Th ey 

suggested that the increasing SO
4
2− would be pro-

duced by anthropogenic activities and that acid rain 

is a potential pollution source.

Sulfate-sulfur isotopic compositions are often 

used to discriminate between diff erent potential 

sources of anthropogenic sulfate in river waters that 

remain oxygenated (Spence et al., 2001). Th e δ34S of SO
4
2− in the 

river water from the source area of the Minjiang River was −5.0‰, 

and such low values mean that the sulfate-sulfur source of the river 

water would be natural because anthropogenic pollution is negli-

gible in this area. Th e δ34S values of SO
4
2− were higher in the Min-

jiang and Tuojiang rivers than in the Daduhe and Jinshajiang rivers 

(Table 2). Such diff erent high δ34S values (+6.3 to approximately 

+13.6‰) were indicative of the diff erent anthropogenic sources of 

sulfur in these highly polluted rivers (the concentration of SO
4
2− 

increased in the March sampling campaign in the Minjiang River 

from Leshan to Yibin site [SO
4
2−, 188 mg L−1; δ34S, +13.6‰]). 

Th e δ34S ratios of SO
4
2− in household wastewater and industrial 

effl  uent have rarely been reported. Li et al. (2006b) demonstrated 

that δ34S values of SO
4
2− >6.0‰ from dissolved SO

4
2− in ground-

water in the source area of the Minjiang River probably resulted 

from the infl uence of household wastewater. Vitòria et al. (2004) 

measured δ34S values of SO
4
2− in detergents ranging from +8.5 to 

+13.6‰ in Spain and reported that SO
4
2− in domestic detergent 

is an anthropogenic sulfur source in river water via domestic waste-

water. Th e δ34S values of SO
4
2− from industrial effl  uent from leath-

er tanning plants and paper mills ranges from +10.0 to +14.0‰ 

(Soler et al., 2002), which indicates that SO
4
2− in the river water 

(δ34S values, +12.2 to approximately +13.6‰) analyzed in this 

study could also have originated from industrial effl  uent. Such ef-

fl uent would be discharged by the factories located on the banks 

of the Minjiang and Tuojiang Rivers in the intensely industrialized 

Sichuan Basin (Tan and Wang, 2004). Th e currently applied su-

perphosphate fertilizers in the Sichuan Basin, which include SO
4
2− 

contamination from the manufacturing process, had δ34S values of 

dissolved SO
4
2− from +7.6 to +8.9‰ (Li et al., 2006b), suggesting 

the fertilizers are one of the sulfur sources in the river water.

Li et al. (2006a) reported that δ34S values of SO
4
2− in rain water 

were +1.5 to +6.0‰ in the Sichuan Basin; therefore, the mixing 

of SO
4
2− from air pollutants and detergents, industrial effl  uents, 

and superphosphate fertilizers is a possible explanation of the δ34S 

values obtained in some studied river waters. Th e increasing SO
4
2− 

concentrations in river waters are aff ected by coal consumption 

and acid rain, but the sulfur from the domestic, agricultural, and 

industrial wastewaters is also responsible for the SO
4
2− increase.

Conclusions
In this study, we examined the anthropogenic impacts on the 

major dissolved elements in the river waters from the Minjiang and 

upper Yangtze rivers. When the Minjiang River fl ows through the 

populated Sichuan Basin, the concentrations of Cl−, NO
3
−–N, 

SO
4
2−, and Na+ gradually increase. Th e increasing of these ions and 

sulfate-sulfur isotopic values suggest that the bad water quality of 

the highly polluted Minjiang and Tuojiang Rivers resulted from 

air pollutants, domestic wastewater, industrial effl  uents, and agri-

cultural fertilizers. Th e water quality of Yangtze River is not largely 

aff ected because the fl ux of water from the lightly polluted Jinshaji-

ang River represents most of total fl ux in the Yangtze River.

Anthropogenic impacts on the aquatic environment in the 

Sichuan Basin are increasing. Without proper mitigation, this 

contamination will impose great pressure on the river water qual-

ity downstream due to fl uvial transport of the contaminants.
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