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Abstract A detailed analysis of the major ion chemistry,

chemical weathering and CO2 consumption was conducted

in the Songhua River basin, which is the largest basin with a

draining area of 557 thousand km2 in Northeast China. The

dataset used in this study included major ion concentrations

came from 56 hydrological stations from the year of 1962 to

1984. The median of the total dissolved solid concentration

of the Songhua River was 104.8 mg/L, about two times

higher than the global average (65.0 mg/L), but lower than

that of other Chinese Rivers. Prevalent ions were Na?, Ca2?

and HCO3
-, and the average Ca2?/Na? and Mg2?/Na?

molar ratios were 0.70 and 0.42, which were close to silicate

weathering end-member. Long-term trend analysis by sea-

sonal MK test showed that from 1962 to 1984, Ca2?,

Na? ? K? and HCO3
- were significantly increasing, and

the increasing rates calculated by linear fit slopes for Ca2?,

Na? ? K? and HCO3
- ions were 0.22, 0.63 and 2.35 mg/

year, respectively. An inverse model showed that the dis-

solved loads primarily came from rock weathering (91.5 %),

including silicate weathering (66.4 %) and a small portion

from carbonates (16.1 %) and evaporites (9.0 %). Other

origins consisted of anthropogenic inputs (5.3 %) and

atmospheric inputs (3.2 %). Average silicate and carbonate

weathering rates were estimated as 4.03 and 1.76 t km-2 -

year-1, and CO2 consumption rates of silicates and car-

bonates were 17.1 9 104 and 1.85 9 104 mol km–2 year-1,

respectively. These results are consistent with the lithologies

of the study area, which mainly consisted of silicate rocks.

Keywords The Songhua River � Major ion chemistry �
Long-term trends � Chemical weathering � CO2

consumption

Introduction

From the view of the global carbon cycle, it has been

recognized that the flux of CO2 consumed by carbonate

dissolution on the continents is balanced by the flux of CO2

released into the atmosphere from the oceans by carbonate

precipitation on the geological time scale (Berner et al.

1983). Chemical weathering of silicate rock acts as a net

sink for atmospheric CO2, and its rate and feedback

mechanisms, which are controlled by climatic and geologic

factors, function as regulators of atmospheric CO2 levels

over geologic time scales (Berner 1991; Edmond 1992;

Raymo and Ruddiman 1992; Walker et al. 1981). Numer-

ous studies on major ions and dissolved loads of larger

rivers have been carried out in the Changjiang River (Chen

et al. 2002; Ran et al. 2010), the Huanghe River (Zhang

et al. 1995), the Pearl River (Xu and Liu 2010; Zhang et al.

2007), the Huai River (Zhang et al. 2011) and the rivers of

the Qinghai-Tibet Plateau (Wu et al. 2008) to examine

hydrochemical characteristics, chemical erosion and CO2

consumption rates, and long-term climatic evolution of the

Earth. A general conclusion of CO2 consumption rate for
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Chinese large rivers showed that it decreased from South

China to North China due to climate and hydrological

factors (Gaillardet et al. 1999).

The Songhua River as the largest tributary of the Hei-

long River is the largest basin with a drainage area of

557 thousand km2 in Northeast China. Although the work

of Gaillardet et al. (1999) gave an overall understanding on

rock weathering and CO2 consumption rates in the Heilong

River basin, it was considered to be rough for the Songhua

River basin due to rock weathering and associated CO2

consumption rates varying with temperatures, runoff,

geology and topographic relief. The average TDS, 55 mg/L

for the Heilong River and 132 mg/L for the Songhua River,

implies the hydrochemical difference of these two rivers.

Consequently, a different weathering pattern in the Song-

hua River is expected compared to the overall weathering

characteristics in the Heilong River.

In this study, the objectives are to (1) examine

the characteristics of temporal and spatial distribution of

major ion chemistry in the Songhua River basin, (2)

identify the mechanisms controlling the major ion chem-

istry and determine the contributions of different end-

members to the hydrochemical composition based on an

inverse method, and (3) assess the chemical weathering

rates of silicate, and carbonate and corresponding CO2

consumption rates.

Study area

The Songhua River, located in Northeast China, is the

largest tributary of Heilong River, flowing through the Jilin

and Heilongjiang provinces (Fig. 1). The river originates in

the Changbai Mountains, travels from southeast to

Fig. 1 Map of the study area,

geology and monitoring stations

in the Songhua River basin. The

TDS range was divided by

natural breaking method
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northwest until the Nenjiang River joins near Zhaoyuan

city. Then it turns its direction toward the northeast, and

finally flows into the Heilong River at Tongjiang city. The

main channel of Songhua River, with a length of 1897 km,

is connected by a large number of branches, including

Mudan River, Huifa River, Hulan River, Lalin River, Mayi

River, Yinma River, Tangwang River and Woken River

(Table 1).

The Songhua River basin is located in the temperate

continental monsoon zone with annual mean temperature

ranging from 3 to 5 �C. Mean temperatures in July and

January are 22.5 and -20 �C, respectively. Annual pre-
cipitation of the Songhua River basin is around 500 mm,

and about 79 % occurs from June to September. The

average annual runoff at the hydrological station Jiamusi

near the outlet is about 6.32 9 1,010 m3 and the runoff

from July to October takes up almost 60 % of the annual

runoff.

The Songhua River basin is a Meso-Cenozoic sedi-

mentary basin developed on a pre and upper Paleozoic

basement (Fig. 1). The basement rocks, which mainly

outcrop on the south and north-east edges of the basin, are

composed of gneiss with inclusions of marble and meta-

morphic peridotite. Igneous rocks such as granite, diorite

and basalt show banded distribution extending from the

north to the south at the center of the basin. Sandstones

scatter in the entire basin. Quaternary sediments are found

in the northeast part of the basin with a thickness from 50

to 120 m. No significant outcrops of carbonates are

observed in the Songhua River basin and they are mainly

disseminated along with other rock types.

Materials and methods

Data sources

Since 1956, the Ministry of Water Resources of the Peo-

ple’s Republic of China has established more than 900

hydrochemical stations along more than 500 rivers in

China including the Songhua River to monitor major ele-

ment concentrations, as well as other hydrological and

water quality parameters (Chen et al. 2002). Available data

of the Songhua River basin used in this study were from a

total of 56 stations in the basin from 1962 to 1984. Among

these stations, Gaolicheng, Hongshizhe, Jilin, Songhuaji-

ang, Fuyu, Haerbin, Tonghe, Yilan and Jiamusi are located

along the main channel from the upstream to downstream

(Fig. 1; Table 1). Other stations are along the tributaries of

the Songhua River. The data are given in the unit of both

mg/L and meq/L, which are convenient for chemical stoi-

chiometric calculations. In this study, only data with the

charge balance (
P

cation -
P

anion)/
P

total ions) \5 %

was accepted. Those that did not satisfy the criterion were

taken as outliers due to misprint and excluded from fol-

lowing analysis. Analytical methods for major element

Table 1 The mean values of the major element concentrations in main channel and major tributaries of the Songhua River basin

River Station T (�C) pH Ca2?

(mg/L)

Mg2?

(mg/L)

K? ? Na?

(mg/L)

Cl-

(mg/L)

SO4
2-

(mg/L)

HCO3
-

(mg/L)

SiO2

(mg/L)

TDS

(mg/L)

Main channel Gaolicheng 7.8 7.4 8.8 5.7 12.8 2.8 12.7 65.1 8.7 107.9

Hongshizhe 7.8 7.0 10.5 4.3 10.2 3.8 8.8 60.3 10.1 97.8

Jilin 9.0 6.9 11.9 3.8 8.4 3.9 9.2 57.3 5.9 94.5

Songhuajiang 9.1 7.0 16.7 4.6 13.9 9.6 8.3 78.3 5.2 131.4

Fuyu 9.7 7.2 19.3 6.0 18.1 9.1 14.9 96.4 9.9 163.5

Haerbin 9.0 7.3 17.5 3.9 14.0 7.7 5.8 86.5 24.1 135.2

Tonghe 8.8 7.1 17.0 3.9 14.0 7.7 6.2 84.0 28.2 132.9

Yilan 10.2 7.2 18.8 5.2 22.1 9.0 9.6 107.6 5.2 171.7

Jiamusi 10.1 7.2 17.5 5.0 21.6 8.4 9.1 102.2 5.5 163.3

Major tributaries

Mudan R. 6 Stations 8.7 7.0 11.0 4.0 8.9 5.3 4.0 60.9 5.3 94.2

Huifa R. 4 Stations 10.8 7.1 20.2 8.7 11.8 7.1 13.0 105.8 5.6 166.6

Hulan R. 2 stations 8.6 7.0 15.8 3.6 12.4 5.4 2.7 84.1 19.9 123.9

Lalin R. 2 Stations 9.2 7.0 13.7 3.5 11.2 5.0 5.1 72.3 18.0 110.9

Mayi R. 2 Stations 9.5 6.9 11.1 2.5 8.8 6.7 3.4 52.1 16.1 84.6

Yinma R. 2 Stations 9.2 7.4 30.7 8.6 31.6 15.8 7.6 174.3 4.1 268.5

Tangwang R. 1 Station 7.7 6.9 14.0 4.2 15.3 9.0 8.4 72.3 7.2 122.2

Woken R. 1 Station 11.6 7.1 19.8 6.9 30.6 8.5 9.6 140.0 5.9 215.0

TDS was calculated by the sum of Ca2?, Mg2?, Na?, K?, SO4
2-, Cl- and HCO3

-
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were summarized as Ca2? and Mg2? by EDTA titration,

Na? (K?) by flame spectrometry, HCO3
- by acid titration,

SO4
2- by BaCl2 titration, Cl

- by AgNO3 titration and SiO2

by molybdenum blue method. TDS was calculated by the

sum of Ca2?, Mg2?, Na?, K?, SO4
2-, Cl- and HCO3

-,

and SiO2 was not included due to too much missing values.

Quality assurance and quality control information about the

data sources was introduced and examined by Chen et al.

(2002).

Statistical methods

One-way analysis of variance (ANOVA) was performed to

compare seasonal differences in major ion concentrations

by IBM SPSS 18.0 for windows, and p values smaller than

0.05 were considered significant. The long-term trend

analysis of major ion concentrations was performed using

the seasonal Mann–Kendall trend analysis, following the

approaches of Hirsch and Slack (1984). Trends were con-

sidered statistically significant when p\ 0.01. When there

was a statistically significant trend, the changing rate was

quantified by linear fit. The seasonal Mann–Kendall trend

test was performed by statistical software R.

Result

Spatial distribution

Mean values of physical and hydrochemical parameters for

the main channel of Songhua River and its seven major

tributaries are shown in Table 1. In the Songhua River

basin, pH ranged from 6.5 to 7.8, with an average of 7.1.

TDS varied from less than 50.0 mg/L to higher than

300.0 mg/L. The median of TDS was 104.8 mg/L which

was higher than the world median (65.0 mg/L) (Meybeck

and Helmer 1989) and lower than other major rivers in

China such as the Changjiang River (205.9 mg/L), the

Yellow River (486.4 mg/L), the Pearl River (192.0 mg/L)

and the Huai River (214.2 mg/L). The highest TDS was

found in the Yinma River on the southwest corner of the

Songhua River basin (Fig. 1).

Prevalent cations were K? ? Na?[Ca2?[Mg2?, and

these chemical features showed a typical cationic compo-

sition of rivers draining silicate bedrocks. Na? (plus K?)

and Ca2? were the most abundant cations with concentra-

tions of 8.4–31.6 and 8.8–30.7 mg/L, respectively. HCO3
-

was the most abundant anion; and its concentration ranged

from 60.3 to 174.3 mg/L. Cl-, as the second most abundant

anion, varied from 2.8 to 15.8 mg/L. SO4
2- ranging from

2.7 to 14.9 mg/L was the least abundant anion among the

anions. Similar with TDS, the highest cations and anions

were observed in the southwest of the study area.

Variations of TDS values and hydrochemical pattern

along the main channel of Songhua River are shown in

Fig. 2 The variations of TDS and hydrochemical pattern along the

main channel. The boxplot showed the TDS ranges of each station.

White square gave the mean value of TDS, upper and lower edge of

the box showed the 25th and 75th percentiles of TDS. The line in the

box gave the median of TDS. The whiskers are determined by the 5th

and 95th percentiles. The asterisk showed the ‘‘outliers’’

Fig. 3 Seasonal variations of the major ions at the Jiamusi station.

a showed the variations of major cations, and b showed the variations

of major anions. The VF of runoff was 10.83, much higher than the

VFs of ions, and it implies that rock weathering enhanced with

increasing water discharge
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Fig. 2. For convenience, the Gaolicheng station and the

Jiamusi station were set as the starting and ending point,

respectively, along the main channel in this paper. TDS

was less than 100 mg/L in the upstream with mountains

and increased up to 300 mg/L after the Yinma tributary

joins about 400 km downstream from the Gaolicheng sta-

tion. A sudden decrease of TDS was observed after the

Nenjiang River flows in before the Haerbin station. Then

TDS increased again at the lower reach until the river flows

through the Jiamusi station. The increasing trend along the

river shows the tributaries had substantial contributions to

the increased TDS of the main channel; and this trend does

not seem to be consistent with trends observed in the

Changjiang River and Huai River, where the TDS con-

centrations of the main channel showed a general

decreasing trend due to dilution effect by large tributaries

Fig. 4 Long term trends of

major ions at Jiamusi station.

Trends were considered

statistically significant when

p\ 0.01. When there was a

statistically significant trend,

the changing rate was quantified

by linear fitting slope
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(Chen et al. 2002). Hydrochemical pattern changed from

Ca–Na–HCO3 type in the headwater to Ca–HCO3 type in

the middle and upper reaches.

Temporal variations

Seasonal variations of major ions were illustrated by the

monthly averaged hydrochemistry data at the Jiamusi

station (Fig. 3). All the ions showed significant seasonal

variations, with variation factors (VF: the ratio of the

highest to the lowest value during a year) for Ca2?,

Mg2?, Na? ? K?, Cl-, SO4
2- and HCO3

- being 2.16,

2.28, 2.26, 1.78, 2.23, and 2.61, respectively. All the ions

showed significant decreases in wet season due to dilu-

tion, which was similar to Amazon River (Gibbs 1972)

and the Lena River (Gordeev and Sidorov 1993), but

different from the Changjiang River where the major

element did not vary greatly in different seasons (Chen

et al. 2002).

Furthermore, the time series data from 1962 to 1984 at

the Jiamusi station were used to evaluate the long-term

trend of major ions (Fig. 4). Ca2?, Na? ? K? and HCO3
-

showed significant increasing trends during this period. No

significant trends were detected for other ions. The

increasing rates calculated by linear fit for Ca2?,

Na? ? K? and HCO3
- ions were 0.22, 0.63 and 2.35 mg/

year, respectively. The long-term variations observed in the

Songhua River basin were different from the Changjiang

River with significant increasing trend of Cl- and SO4
2-

due to intensified acid deposition caused by increases in

coal consumptions (Chen et al. 2002).

Discussion

Statistical difference for seasonal change of major ions

The one-way ANOVA procedure of pairwise multiple

comparisons was used to examine the seasonal differences

of major ions (Table 2). In spring, major ions were sig-

nificantly higher than that in summer but lower than that in

winter except for SO4
2-, and not statistically differed from

fall except for Cl- and SO4
2-. In summer, all the ions had

the lowest concentrations due to dilution effect. The ion

concentrations between summer and winter had a large

gap, and the values of the deviation were -10.11, -2.62,

-10.20, -55.44, -4.28 and -3.45 mg/L for Ca2?, Mg2?,

Na? ? K?, HCO3
-, Cl- and SO4

2-, respectively. The

concentrations of the major ions in fall were similar with

that in spring, significantly higher than that in summer and

lower than that in winter. Moreover, all the ions showed

strong condensed features in winter, contrary to the dilution

effect in summer.

Mechanisms controlling the major ion chemistry

Atmospheric inputs

Rainwater has been recognized as an important source of

dissolved species (major ions) in surface waters (Appelo

Table 2 Result of one-way ANOVA for pairwise multiple compar-

isons to discriminate the major ion differences in different seasons

Season Spring Summer Autumn Winter

Spring

(Mar.–

May.)

Ca2? 2.44* -0.08 -7.66*

Mg2? 1.06* 0.14 -1.56*

Na? ? K? 2.52* 1.16 -7.68*

HCO3
- 12.96* -0.20 -42.48*

Cl- 1.98* 1.52* -2.30*

SO4
2- 2.57* 1.49* -0.88

Summer

(Jun.–

Aug.)

Ca2? -2.44* -2.53* -10.11*

Mg2? -1.06* -0.91* -2.62

Na? ? K? -2.52* -1.36 -10.20*

HCO3
- -12.96* -13.16* -55.44*

Cl- -1.98* -0.46 -4.28*

SO4
2- -2.57* -1.08* -3.45*

Autumn

(Sep.–

Nov.)

Ca2? 0.09 2.53* -7.57*

Mg2? -0.14 0.91* -1.71*

Na? ? K? -1.16 1.36 -8.83*

HCO3
- 0.20 13.16* -42.28*

Cl- -1.52* 0.46 -3.82*

SO4
2- -1.49* 1.08* -2.37*

Winter

(Dec.–

Feb.)

Ca2? 7.66* 10.11* 7.57*

Mg2? 1.56* 2.62* 1.71*

Na? ? K? 7.68* 10.20* 8.83*

HCO3
- 42.48* 55.44* 42.28*

Cl- 2.30* 4.28* 3.82*

SO4
2- 0.88 3.45* 2.37*

* The mean difference is significant at the 0.05 level

Fig. 5 The concentration of Cl- vs. distance from sea
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and Postma 2005; Gibbs 1970; Stallard and Edmond 1981).

The contribution of Cl- to dissolved salt loads in rivers is

expected to decrease with increasing distance from the sea

when there are no terrestrial sources effects (Stallard and

Edmond 1981). However, in the Songhua River basin,

elevated Cl- concentrations were found in some inland

stations located in the southwest rather than in the seaward

stations (Fig. 5), implying that in addition to precipitation

inputs other origins such as weathering of evaporite rocks

or anthropogenic inputs existed in the study area.

Contributions from precipitation inputs can be estimated

as Cl-, which behaves conservatively through the hydro-

logical cycle (Appelo and Postma 2005; Ollivier et al.

2010). Li et al. (2010) reported chemical data of precipi-

tation at the Longfengshan station located around the

center of the study area. It was found that the SO4
2-/Cl-

molar ratio in precipitation was about 3.65, showing a

sulfate enrichment of rainwater with respect to sea origin

salt (SO4
2-/Cl- = 0.05). The Ca2? and Mg2? also sug-

gested terrestrial sources with a high Cl-normalized ratio

(1.75 and 0.49, respectively) compared to sea origin salt

(0.02 and 0.01, respectively).

Runoff coefficient of the Songhua River was about 0.21

(Song et al. 2010); therefore, the evaporation factor (the

reciprocal of the runoff coefficient) of the major ions was

4.72. Accordingly, major ions came from precipitation and

their contributions to river chemical compositions were

estimated. It was found that as a whole the atmospheric

inputs contributed 16.5 % of Ca2?, 8.9 % of Mg2?, 11.6 %

of K? ? Na? and 17.3 % of Cl- in the Songhua River

basin.

Anthropogenic inputs

The major ion chemistry can also be affected by a variety

of human activities (Meybeck and Helmer 1989), which

have become particularly important in China due to dras-

tically intensified industrial and agricultural activities

(Chen et al. 2002). Based on the Cl-normalized ratio of

precipitation, it was found that the atmospheric loading in

the Songhua River had a significant terrestrial component,

especially for SO4
2- as a result of extensive and intensive

use of S-enriched coal and power production via coal

combustion in the study area. In addition, Cl- is also

considered to be an indicator of the impact of land use and

human activity on water chemistry. In this study, three

reservoirs were considered for Cl- as atmospheric inputs,

anthropogenic inputs and evaporite weathering, and two

reservoirs were considered for SO4
2- as cyclic salt origin

from sea and anthropogenic inputs from coal combustion.

The contribution of anthropogenic inputs was calculated by

deducting the TDS came from other sources from the total

TDS.

Rock weathering inputs

Ternary diagrams were employed to develop an overall

understanding of the water–rock reactions which control

the major chemical compositions of river water in the study

area (Fig. 6). Samples defined a narrow range on the cation

ternary diagram, and most clustered in the center of the plot

which implied that chemical weathering of silicates dom-

inated in the study area. The dominance of silicate rock

weathering is not surprising, given the fact that silicate

rocks are well-spread in the Songhua River basin (Fig. 1).

Outcrops of carbonate rocks sporadically existed; there-

fore, it was reasonable to recognize the contribution of the

carbonate rock weathering to the river chemical composi-

tions. In addition, evaporites were also considered to

Fig. 6 Ternary diagrams showing the relative abundances (in meq/L)

of major cations (Ca2?, Mg2? and Na? ? K?) for the main channel

and tributaries in the Songhua River basin

Fig. 7 Relative contributions from silicate and carbonate weathering

to waters by carbonic acid based on stoichiometry. The cation

concentrations (mmol/L) used was all corrected by eliminating the

precipitation inputs
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contribute the chemical compositions of the river due to

only 17.3 % of Cl- explained by atmospheric inputs.

Beside the ternary diagram, the plot of the relation

between the molar ratio of (Na? ? K?)/HCO3
- and

(2Ca2? ? 2Mg2?)/HCO3
- also showed the dominance of

silicate dissolution in the Songhua River basin (Fig. 7).

The line of Na? ? K? ? 2Ca2? ? 2Mg2? = HCO3
-

reflects the contributions of silicate weathering to water

chemistry (Li et al. 2009). Obviously, river water samples

fall into the section between the silicate weathering line

and the carbonate weathering line, and had a tendency to be

close to the silicate weathering line.

Rock weathering inputs were evaluated in terms of

mixing between three main end-members corresponding to

the weathering products of carbonates, silicates and evap-

orites (Gaillardet et al. 1997; Negrel et al. 1993; Ollivier

et al. 2010). The approach used by Ollivier et al. (2010)

was followed to determine rock weathering contributions

to major cations (Na?, Ca2? and Mg2?). The end-members

and samples expressed by Na-normalized molar ratios

(Ca2?/Na? and Mg2?/Na?) are showed in Fig. 8. Car-

bonate end-member was characterized with high ratios of

Ca2?/Na? and Mg2?/Na? in the top-right corner of Fig. 8.

In the Songhua River basin, the highest values of Ca2?/

Na? and Mg2?/Na? were 2.03 and 1.56, much less than the

Na-normalized molar ratios of carbonate end-member due

to no tributaries flow through purely carbonate-dominated

area. The influence of silicate weathering end-member was

reflected by lower Ca2?/Na? and Mg2?/Na? ratios com-

pared to the carbonate and it was found that most of the

samples located around the silicate end-member. Evaporite

end-member was usually difficult to be constrained due to

the diversity of salt rock types, but it is recognized that this

end-member was reflected by the lowest Ca2?/Na? and

Mg2?/Na? ratios. In this study, the molar ratios of Ca2?/

Na? and Mg2?/Na? for the three end-members were

selected as 55 and 15 for carbonates, 0.35 and 0.24 for

silicates and 0.17 and 0.02 for evaporites, respectively.

Chemical budget and CO2 consumption

Contributions of different end-members

Contributions of weathering to major cations (Na?, Ca2?

and Mg2?) were estimated followed by the method used by

Ollivier et al. (2010), and the chemical budget estimation

for other elements (anions and silica) was calculated by

using a forward method based on stoichiometry.

The proportions of Ca2?, Mg2? and Na? originating

from different rock weathering reservoirs are given in

Table 3. Overall, in the Songhua River Basin, the dissolved

cation load of rivers was dominated by silicate weathering,

and specifically 63.2 % of Ca2?, 79.5 % of Mg2? and

84.4 % of Na? came from silicates weathering. Carbonates

contributed to Ca2? and Mg2? with a value of 30.7 and

18.8 % in the dissolved cation load. Evaporites weathering

contribute 6.2 % of Ca2?, 1.7 % of Mg2? and 15.3 % of

Na?.

The contributions of atmospheric inputs, anthropogenic

inputs, and rock weathering (sum of carbonates, silicates

and evaporites) to the total TDS for all the stations were

shown in Fig. 9. Here, chemical budget calculated

according to the hydrochemistry data at the Jiamusi station

(the basin outlet station) was used to give an overall

understanding. Generally, rock weathering contributed

91.5 % of the total TDS including 66.4 % from silicates,

16.1 % from carbonates and 9.0 % from evaporites. About

5.3 % of the TDS came from anthropogenic inputs, and

atmospheric inputs only contributed 3.2 % of the TDS. The

significant dominance of silicate weathering with an

Fig. 8 Mixing diagrams using the end-members of carbonates

silicates and evaporites expressed by Na-normalized molar ratios.

The molar concentrations used in the ratio calculation were corrected

by eliminating the precipitation inputs

Table 3 Summary of the rock weathering contributions to Ca2?,

Mg2?and Na?

Carbonates (%) Silicates (%) Evaporates (%)

Ca2?

Mean 30.7 63.2 6.2

Max 73.9 100 43.9

Min 0 22.5 0

Mg2?

Mean 18.8 79.5 1.7

Max 56.0 100 11.8

Min 0 42.8 0

Na?

Mean 0.4 84.4 15.3

Max 1.5 100 67.8

Min 0 31.9 0
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average of 66.4 % was quite higher than the global silicate

weathering proportions (\40.0 %) (Gaillardet et al. 1999).

Chemical weathering and CO2 consumption rates

Chemical weathering and CO2 consumption rates of sili-

cates and carbonates were estimated by mass budget, sur-

face area and runoff of the basin. The calculation method

of silicates weathering (Rsil) and carbonates weathering

(Rcarb) rates were followed from the work of Xu and Liu

(2010). Because no data for K was available, the equation

was slightly modified by eliminating the K item as follows:

Rsil ¼ Nasil þ Casil þMgsil þ SiO2silð Þ � Qannual=A

Rcarb ¼ Cacarb þMgcarb þ 1=2HCO3carbð Þ � Qannual=A

where Xsil (X refers to Na, Ca, Mg and SiO2) is the com-

posite came from silicate weathering and Ycarb (Y refers to

Ca, Mg and HCO3
-) is the composite came from carbonate

weathering. Qannual is the annual runoff and A is the

draining area of the station.

The equations describing the calculation of CO2 con-

sumption rates of silicates (UCO2sil) and carbonates

(UCO2carb) were shown as follows.

UCO2sil ¼ Nasil þ 2Casil þ 2Mgsilð Þ � Qannual=A

UCO2carb ¼ Cacarb þMgcarbð Þ � Qannual=A

where the symbols are the same with the above equations.

The results of chemical weathering and CO2 consump-

tion rates for main channel and tributaries, grouped based

on lithology, are listed in Table 4. In the Songhua River

basin, the average silicate (Rsil) and carbonate weathering

(Rcarb) rates at the river outlet station Jiamusi were 4.03 and

1.76 t km-2 year-1, respectively; and the corresponding

CO2 consumption rates for silicates and carbonates were

17.1 9 104 and 1.85 9 104 mol km-2 year-1. It is obvi-

ous that lithology plays an important role in chemical

weathering by comparing chemical weathering rates

among the tributaries with different lithology (Table 4).

Igneous rocks had the highest Rsil with an average of

7.61 t km–2 year-1 than other rocks. Quaternary sediment

had the highest Rcarb with an average of 4.19 t km-2 -

year-1. The area covered by sandstones showed the lowest

Rcarb with an average of 0.50 t km-2 year-1 due to car-

bonates deficiency. In addition, the climatic influence (here

mainly refer to runoff) to the silicate weathering in the

Songhua River basin was illustrated by Fig. 10. The log–

log correlation plot gave a positive correlation trend

between Rsil and runoff, which agreed with the silicate

weathering rate law of other world rivers.

In comparison with other Chinese rivers (Table 5), for

Rsil, the Songhua River was the same as the Lancang Jiang

(4.1 t km–2 year-1), but lower than most of other Chinese

rivers such as the Changjiang, the Xijiang and the five

rivers originating in the Qingha-Tibet. Only the Huanghe

had a lower Rsil (3.0 t km-2 year-1) than the Songhua

River due to its small runoff. For Rcarb, the Songhua River

was one order of magnitude lower than other Chinese

rivers because of little carbonate outcrops in this study

area. In addition, cold temperature (3–5 �C) and low

annual precipitation (500 mm) also have a strong influence

on the rock weathering rate. For the CO2 consumption

rates, the Songhua River had a higher UCO2sil than the

Changjiang, Huanghe, Xijiang and Jinsha Jiang Rivers, but

Fig. 9 Calculated contributions

(%) of carbonate, silicate and

evaporite weathering,

anthropogenic inputs and

atmospheric inputs to the total

TDS (mg/L) in the Songhua

River basin. The result was

sorted by ascending order of

silicate weathering contribution

from left to right
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a lower UCO2carb than all the Chinese rivers. In addition,

compared to the result of the Heilong River (Gaillardet

et al. 1999), the Songhua River basin showed a higher

silicate and a lower carbonate weathering rate, and this

further indicates that the spatial heterogeneity of the

lithology and climatic factors such as runoff and temper-

ature have a strong influence on the chemical weathering of

rivers.

Conclusions

In this study, the major ions chemistry, chemical weath-

ering rates and CO2 consumption rates in the Songhua

River basin were examined. Main conclusions are provided

as follows:

Table 4 Chemical weathering

and CO2 consumption rates for

25 stations for which runoff data

are available

The tributaries are grouped

based on the lithology of its

draining area

Station Draining area

(103km2)
Annual runoff

(mm year-1)
Weathering rate

(t km-2 year-1)

CO2 consumption (104

mol km-2 year-1)

Main channel Silicates Carbonates Silicates Carbonates

Jiamusi 527.7 120 4.03 1.76 17.1 1.85

Tonghe 450.4 100 4.40 2.75 7.98 2.78

Haerbin 390.5 103 3.95 3.15 7.43 3.09

Fuyu 77.4 184 7.75 3.12 30.4 3.74

Songhuajiang 51.5 262 7.45 4.98 30.9 5.88

Jilin 44.1 297 6.51 3.16 25.2 3.55

Tributaries

Metamorphic rocks

Woken 4.2 112 5.95 0.41 26.91 0.44

Hengdaozi 0.5 140 3.04 1.04 9.75 1.19

Dapandao 3.2 153 4.00 3.30 14.97 3.56

Igneous rocks

Chenming 18.9 269 8.32 2.94 32.49 3.40

Dunhua 2.2 223 5.35 2.39 25.41 2.62

Ermu 0.8 488 6.31 0.61 21.70 0.67

Mianpo 2.3 248 7.99 4.33 11.01 4.30

Changting 2.4 446 7.00 0.00 19.56 0.00

Longfengshan 1.7 571 10.81 5.79 11.48 4.57

Wuchang 6.4 208 7.49 3.05 8.62 2.86

Sandstones

Shihe 3.6 369 4.85 0.00 12.66 0.00

Shitou 21.9 140 3.57 0.00 14.22 0.00

Dashanju 8.1 256 5.74 2.02 26.74 2.16

Heli 0.5 220 3.64 0.00 19.23 0.00

Mudanjiang 21.9 230 5.45 0.49 22.24 0.52

Quaternary

Lanxi 27.3 131 6.19 4.13 11.30 3.99

Qingjia 9.6 196 3.94 4.73 10.51 4.39

Caijiagou 18.3 177 5.51 4.22 20.68 4.50

Yanshou 5.0 206 3.84 3.68 10.09 3.65

Fig. 10 Scatter plots of silicate weathering rates versus runoff, which

indicate that the Rsil in the Songhua River basin is closely related to

global weathering rate laws
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1. The Songhua River had a low TDS with a median of

104.8 mg/L, and the prevalent ions were Na? ? K?

and Ca2? for cations, and HCO3
- for anions. All the

ions showed significant seasonal variations with a

decrease in wet seasons and an increase in dry seasons.

From 1962 to 1984, Ca2?, Na? ? K? and HCO3
-

showed significant increasing trends in the study area.

Increasing rates for Ca2?, Na? ? K? and HCO3
- ions

were 0.22, 0.63 and 2.35 mg/year, respectively. No

significant long-term trends were detected for other

ions.

2. The major ion chemistry was dominated by silicate

dissolution in the Songhua River basin. The average

Ca2?/Na? and Mg2?/Na? molar ratios were 0.70 and

0.42, respectively, which were close to silicate weath-

ering end-member. Generally, rock weathering con-

tributed 91.5 % of the total TDS including 66.4 %

from silicates, 16.1 % from carbonates and 9.0 % from

evaporites. About 5.3 % of the TDS can be attributed

to anthropogenic inputs, and atmospheric inputs only

contributed 3.2 % of the TDS in the Songhua River

basin.

3. The average silicate (Rsil) and carbonate weathering

(Rcarb) rates of the Songhua River basin were 4.03 and

1.76 t km-2 year-1, respectively. The CO2 consump-

tion rates of silicate and carbonate were 17.1 9 104

and 1.85 9 104 mol km-2 year-1, respectively. Both

of the weathering and CO2 consumption rates for

carbonates were lower than other Chinese Rivers.
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