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Abstract

This research concerned the relationship among four typhoon-induced landslide 

events, river chemistry and sediment discharge in the catchment of the Heping River 

during 2007 to 2012. The analyzed results point out that higher rainfall intensity and

cumulative rainfall would cause higher landslide ratios. Therefore, typhoon Saola 

triggered a highest landslide ratio of 2.1%, new generation ratio of 71.4%, and 

reactivated ratio of 58.2% among four typhoons. In addition, More than 80% 

landslides occurred in Lushan and Pilushan Formations because of the weak rock 

strength. About 30% of landslides located near the river and expanded to hilltop after 

typhoon Saola. Consequently, more deposits and carbonate minerals were transported

into the river, causing the concentration of K+, Ca2+, dissolved inorganic carbon and 

δ13CDIC raised abruptly.

The average annual sediment discharge is 14.45 Mt and mainly resulted from the 

contribution of typhoon events. In comparison with sediment discharge and rainfall,

the greater the cumulative rainfall during typhoon, the higher the proportion of 

typhoon-triggered sediment discharge to annual sediment discharge. The results also 

show that the average sediment discharge in wet season is 13.35 Mt, which is 12.1

times of dry season due to the difference of rainfall.

The plot of the total dissolved salts versus Na+/ (Na++Ca2+) reflected that the 

chemical properties of Heping river belonged to rock-dominated type. Moreover, the 

relationship between water discharge and ionic concentrations indicate that the 

concentrations of Na+ and Mg2+ decreased with increasing discharge, the ionic 

concentrations were lower in wet season. In contrast, the concentrations of Ca2+ and 

K+ increased with increasing discharge, the concentrations in wet season were 1.13 

and 1.07 times of the dry season, respectively. The concentrations of dissolved 
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inorganic have apparently positive correlation with discharge when discharge is 

higher than 20 m3/sec.

Keywords: landslide, ion concentration, dissolved organic carbon, δ13CDIC, sediment 

discharge
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1.1

(Shieh, 2000 2012)

1

(Sidle and Swanton, 1982; Iverson, 2000)

(Tazaki, 2006; Reinhardt, 2008)

(Dadson et al., 2004)

2007 2009 2011

2012 1983 2012

13

(1)

(2)

(3)

(4)
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1.2

(3,742m)

-

(2,352m) (2,021m)

(2,857m) (2,765m) (3,536m) (3,632m)

(2,654m) (2,565m) (2,381m) ( 1.1)

9

9

7
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1.1
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2.1

(Shuin et al., 2012) (1)

(Caine, 1980; Guzzetti et al., 

2007; Cannon et al., 2008; Dahal and Hasegawa, 2008) (2)

(Crozier and 

Eyles, 1980; Crozier, 1999; Glade et al., 2000) (3)

(Okimura and Ichikawa, 

1985; Montgomery and Dietrich, 1994; Wu and Sidle, 1995; Iverson, 2000; Dhakal 

and Sidle, 2004)

(Sidle and Swanston, 1982) Aleotti

(2004)

Caine (1980)

I=14.82D-0.39(I D

) Keefer et al. (1987)

Caine

Guzzetti et al. (2004)

Wieczorek et al. (2000)

Chang et al. (2008)

(

2008)
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2.1

Aleotti (2004)

Caine (1980) I=14.82D-0.39

Chang et al. (2008)

Guzzetti et al. 

(2004)

Keefer et al. 

(1987)

Caine

Sidle & Swanston 

(1982)

Wieczorek et al. 

(2000)

(2008)
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2.2

Li (1975)

1,300 mg/cm2yr 65 mg/cm2yr Dadson et al. (2003)

384

Dadson (2004)

(Monthly Weighted Average, 

MWA) (2005) (Direct 

Average) (Rating Curve Estimate, RC)

(Non-parametric Rating Curve Estimate)

Houvis et al. (2000)

0

(Supply-limited) Kou et al. (2005)

0

(Transport-dominated) (2003)

59%

Dadson et al. (2004) Chuang et al. (2009) 921

Lin et al. (2011)
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2.2

Chuang (2009)
921

Dason (2004)

Dadson et al. 

(2003)

384

Houvis et al. 

(2000)
0

Li (1975)
1,300 mg/cm2yr

65 mg/cm2yr

Lin et al. (2011)

Kou et al. (2005)

0

(2003) 59%

(2005)
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Mulder and Syvitski (1995)

40,000ppm

Milliman and Kuo (2008)

70%

(2006)

Dadson et al. (2005) 40,000ppm

921 7 1

(2010) Dadson et al. (2005) 12

1.5 87.6

2.3

Dadson et al. (2005)
921 7

1

Milliman and Kuo 

(2008)

70%

Mulder and Syvitski 

(1995)

40,000ppm

(2010)
1.5 87.6

(2006)
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2.3

(Dalai, 2002) Meybeck (1987)

Chen (2002)

Xu and Lin (2007)

Nédeltcheva et al. (2006)

Zhang et al. (2007)

Tazaki (2006)

Reinchards 

(2008) 1995

Salmon et al. (2001) (1)

(2) (3) Johnson et al. (1969) Feller and 

Kimmins (1979)

Salmon et al. (2001)

(2007) 2001

NO3
-

(2006) 2005

K+
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2.4

Chen (2002)

Feller and Kimmins

(1979)

Johnson et al. (1969)

Meybeck (1987)

Nédeltcheva et al. 

(2006)

Reinhards (2008)
1995

Salmon et al. (2001)
(1) (2) (3)

Tazaki (2006)

Xu and Lin (2007)

Zhang et al. (2007)

(2007)
NO3

-

(2006)
K+
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2.4

(Cole and Caraco, 2001)

40%

(Ludwig et al., 1996) Barth et al. (2003)

(DIC)

Atekwana and Krishnamurthy (1998)

13 (δ13CDIC)

Hélie et al.(2002) 13C

13

Amiotte-Suchet et al. (1999)

Yang 

et al. (1995) 13
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2.5

Amiotte-Suchet et al. 

(1999)

Atekwana and 

Krishnamurthy (1998)
DIC δ13CDIC

Barth et al. (2003)

Cole and Caraco 

(2001)

Hélie et al.(2002)
13C

δ13CDIC

Ludwig et al. (1996)
40%

Yang et al. (1995)
δ13CDIC
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3.1

(3,742m) 50.7 561.6

40 3,000 ( 3.1)

(3,536m)

(1,725m) 12

2.3

10 3,634 1,800

1,000 70% 2,000

54%( 3.2)

0 75 32

30 60% 30 40

35%( 3.3)

29%

10.9% 15.5% ( 3.4)

1,000 30
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3.1

3.2
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3.3

3.4
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3.2

(2000)

( 3.5)

-

269 48% 172

31%

45 37 35 8% 7% 6%

2.1 0.4%( 3.6)

( 1986)

( 1976)

400 800

(

1986)
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( 1986)

( 2008)

( 1981)

( 1998)
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3.5 ( 2000)

3.6
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3.3

4

( 3.7)

55% 25% 19%

1%

25%

50%

5

1,500

( 1991)

3.7 ( 1991)
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3.4

6 ( 3.8)

2,821 ( 3.1) 5 10

322 102

3 7 10

22 C 23 C 7

28.6 C 1 16.4 C ( 3.2)

3 3

1975 2011

40.38m3/sec 12.7

3.8
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3.1 ( 1991~2011)

1 2 3 4 5 6 7 8 9 10 11 12 (mm)
72 79 64 84 166 169 277 323 448 549 268 118 2,615
38 59 43 50 131 149 258 313 393 457 152 82 2,125
101 126 96 106 259 296 476 631 723 559 209 143 3,724
70 88 68 80 185 204 337 422 521 522 210 114 2,821

3.2 1982 2010 ( )

1 2 3 4 5 6 7 8 9 10 11 12 ( C)
16.4 16.9 18.8 21.6 24.4 26.9 28.6 28.2 26.6 23.8 20.9 17.7 22.6

3.5

2007 2009

2011 2012 ( 3.3) 4

( 3.9) 2007 8

16 19 652 258

69 2009 10 3

6 849 681

81 2011 8 27 31

279 151

26 2012 7 30 8 3

977 498.5

125
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3.3

Vmax
(m/s) (mm) (mm) (mm/hr)

2007
(8/16~8/19)

8/18 53 652 258 69

2009
(10/03~10/6)

10/05 43 849 681 81

2011
(8/27~8/31)

8/29 53 279 151 26

2012
(7/30~8/3)

8/02 38 977 498.5 125

*Vmax

3.9
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(1) (2) (3) (4)

4.1

4.1.1

5cm x 5cm x 2cm 300

GPS ( 4.1)

30 (EPA, 2001)

( ) PE
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4.1
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4.1.2

(ISRM, 1981) Proceq

NR (Schmidt-Hammer, NR Type)

172 10

10

Barton(1976)

( )

4.2

246

ISRM(1981)

(IS)

275

24 ISRM(1981)

4.3

2007

SPOT5 FORMOSAT-2 2009

SPOT5 2011 SPOT5 2012

SPOT5 ( 4.1) ESRI

ArcMap9.3
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40m x 40m (Digital Terrain Model, DTM)

ArcMap9.3 (1)

(2) (3) (4)

(5)

4.1

SPOT5 2007/07/23 02:23:35

FORMOSAT-2 2007/10/28 02:12:06

FORMOSAT-2 2007/10/27 02:11:07

SPOT5 2008/12/03 02:19:53

SPOT5 2009/10/27 02:20:37

SPOT5 2011/08/30 02:25:25

SPOT5 2011/09/29 02:20:51

SPOT5 2012/07/11 02:13:53

SPOT5 2012/09/11 02:19:52

(Lin et al., 2008)
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= x 100%      ( 4.1)

= x 100%      ( 4.2)

= x 100%        ( 4.3)

40m x 40m (DTM) ArcGIS

Analysis Tool Spatial Analyst Tools (1)

a (2) b (3)

c ( 4.2)

Dtop

Dstream( 4.4 4.5)

(Meunier, 2008; Sepúlveda et al., 2010)

Dtop =          ( 4.4)

Dstream =         ( 4.5)

( 4.3) X

Dtop Y Dstream

X

Y

X Y 0.1
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(I)

(II) (III) (IV) (V) (O)

( 2010)( 4.3) 2007 2012

2007

2012

500

P(ls)( 4.4)

P(topo)

(P(ls)/P(topo)) ( 4.5) P(ls)/P(topo) ≥ 1

P(ls)/P(topo) < 1
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4.2

4.3



30

4.4

4.5



31

4.4

(Suspended Load)

(Bed Load) (Solute) (Strahler, 1998)

(1)

(Cohn, 1995) (2) (Thomas & Lewis, 1995) (3)

(Walling, 1977) (4) (Duan, 1983)

(Kao and Liu, 2001)

(Supply-limited) (Transport-limited) (Fuller et 

al., 2003)

0

(Hovius et al., 2000)

(Kao and Liu, 2001)

Dadson (2004)

Kao et al. (2005)
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0

QS = κQb                        ( 4.6)

Q m3/sec QS ton κ b

(2500H003) (1) (2)

(3)

DH-48

11 4

2 5 10 3 4

30

1983 2012

40,000ppm

(Mulder and Syvitski, 1995)

Dadson (2005) ( 4.7)

24

( 4.6)

24 24
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Ri = ( 4.7)

4.7 Ri T ( 30 ) Ni

Ni 1

Ni 2

4.6

4.5

2011 1 2012

12 2 4 57

(Dissolved Inorganic Carbon, DIC) 13 (δ13CDIC)

38
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4.5.1

SO4
2- Cl-

(O’Dell et al., 1984) Dionex ICS-1000

(Ionpac AS4A)

( )

4.5.2

Na+ K+ Ca2+ Mg2+

(PE3000

Atomic Absorption spectrometer) ( )

( 2009)

4.5.3

(Dissolved Inorganic Carbon, DIC) 13

( 13CDIC) (Li et al., 

2010) CO2

(HCO3
-) (CO3

2-) (H2CO3) HCO3
-

2010 (Picarro iTOC-CRDS 

isotopic carbon analyzer)
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4.5.4

Na K Ca Mg

0.75 m (Kokot et al., 1992; Lin et 

al., 2002)

( )

4.5.5

Gibbs(1970)

( 4.7) [Na+]/([Na+]+[Ca2+])

(Total Dissolved Salts, 

TDS) (TDS)=[Na+]+[K+]+[Mg2+]+[Ca2+]+[Cl-]+

[SO4
2-]+[HCO3

-]+[H4SiO4]

(2009) ([Na+]+[K+]+[Mg2+]+[Ca2+]+

[Cl-]+[SO4
2-])/ (TDS)

Gibbs -

70 300ppm

Na+ Gibbs

Na+

Gibbs

-

Na+ Gibbs
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4.7 ( Gibbs, 1970)

3,000mm

(Roy et al., 1999; Stallard and Edmond, 1981)



37

(Stallard and Edmond, 1981)

ns-[X] = [X]river – [Cl]river x ([X]/[Cl])seawater ( 4.8)

ns-[X] [X]river

[Cl]river ([X]/[Cl])seawater

4.8

(IAPSO)(Stallard and Edmond, 1981)

(ns-[X]) ([X]river)

Negel et al.(1993)

Ca2+ Mg2+ Na+ [Ca2+]/[Na+] [Mg2+]/[Na+]

Gaillardet et al.(1999)

Negel et al.(1993)

[Ca2+]/[Na+] [Mg2+]/[Na+]

( 4.8)

Guglielmi et al.(2000)

Ca2++Mg2+ Na+ K+ ( 4.9)

Ca2+ Mg2+

Na+

K+
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4.8 Ca2+/Na+ Mg2+/Na+

4.9
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4.5.6

(1) (2)

(3) (4)

(5)

(Yang et al., 1996; Ludwig et al., 1996; Atekwana and Krihnamurthy, 1998)

δ13C

δ13C

( 4.10)

12C 13C

(Walther, 2005) δ13C

13C 12C 13C

12C

( 4.9)

4.9 13C 12C

13C 12C 0.011237

δ13C 0 δ13C

δ13C 13C 12C

(Buhl et al., 1991, Aucour et al., 1999)

δ13C ( 4.2)

δ13C -26‰(Diens, 1980, Mariotti, 1991)

δ13C
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δ13C (Mariotti, 1991) δ13C

‟0” δ13C

(Amiotte et al., 1999)

δ13C

δ13C δ13C (Mook et al., 1974)

δ13C (Zhang et al., 1995)

δ13C

12C 12C

δ13C

12C

δ13C

(Flintrop et al., 1996; Buhl et al., 1991; Pawellwk and Veizer, 1994)

δ13C
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4.10 δ13C (

Atekwana and Krishnamurthy,1998)

4.2 δ13C

δ13C
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5.1

5.1.1

3

( 5.1)

( 5.1)

5.1

59 31 50 60 40

(g/cm3)

1.90~3.20

(2.55 0.24)

1.77~4.91

(2.62 0.53)

1.98~4.10

(2.76 0.33)

2.05~3.64

(2.81 0.32)

2.39~4.89

(2.73 0.39)

(%)

0.49~7.34

(2.13 1.70)

0.56~8.12

(2.76 1.61)

0.10~1.74

(0.6 0.43)

0.05~1.53

(0.32 0.24)

0.11~0.74

(0.27 0.13)

(%)

4.95~15.92

(10.76 2.75)

6.07~15.92

(11.10 2.44)

4.86~23.00

(15.27 3.59)

9.43~27.75

(14.9 3.12)

10.36~22.70

(14.85 3.02)

0.05~0.19

(0.12 0.03)

0.06~0.19

(0.13 0.03)

0.05~0.30

(0.18 0.05)

0.10~0.38

(0.18 0.05)

0.12~0.29

(0.18 0.04)

( )
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5.1

5.1.2

( 5.2) 36.9 42.MPa

(ISRM, 1981) 57.1 70.9MPa

24.0MPa

30.1 43.4MPa

53.8MPa

( 5.2)

( 5.3)

( 5.3)

98% (Gamble, 1971)

( 5.4)
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5.2

50 35 24 20 43

16.0~50.0

(28.6 9.5)

13.8~48.6

(25.9 9.0)

21.6~47.0

(33.0 7.0)

23.6~43.0

(32.1 5.8)

22.0~50.0

(35.6 7.0)

(MPa)

22.3~110.0

(42.5 20.0)

22.2~105.6

(36.9 18.0)

25.4~126.1

(61.5 30.2)

19.5~100.9

(57.1 34.0)

27.3~145.0

(70.9 30.0)

66 39 60 56 54

(MPa)

4.5~77.1

(30.1 19.6)

9.0~60.8

(24.0 10.7)

18.0~76.7

(37.5 14.9)

5.0~106.5

(43.4 25.9)

10.5~151.3

(53.8 35.3)

( )

5.2
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5.3

5.3

Id1 (%)
98.8~99.4

(98.9)

97.5~98.5

(98.1)

95.0~98.7

(97.0)

91.9~99.3

(98.0)

98.5~99.7

(99.0)

Id2 (%)
94.8~99.1

(98.0)

95.9~97.8

(97.0)

92.3~97.7

(95.4)

91.4~99.4

(96.0)

97.9~99.5

(98.5)

Id1 Id2 ( )
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5.4

5.2

5.2.1

4 ( 5.4)

5.8km2 11.7km2 1.0% 2.1%

42.7% 71.4% 38.3% 58.2%

2011 2012

2011 2012

2
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5.4

2007 (km2) 7.9 1.2 4.0 2.6 0.1 0.2
(%) 1.4 3.3 2.3 1.0 0.3 0.6

2009
(km2) 8.6 1.6 5.3 1.6 0.1 0.1
(%) 1.5 4.4 3.1 0.6 0.1 0.3
(%) 56.7 50.4 57.1 58.7 84.9 100.0
(%) 47.6 66.2 57.3 24.7 6.6 0.0

2011
(km2) 5.8 0.5 3.3 1.8 0.1 0.1
(%) 1.0 1.4 1.9 0.7 0.2 0.2
(%) 42.7 30.3 38.3 52.6 91.2 13.8
(%) 38.3 20.5 38.8 54.2 16.3 58.5

2012
(km2) 11.7 2.6 7.5 1.6 0.1 0.0
(%) 2.1 7.1 4.3 0.6 0.1 0.1
(%) 71.4 84.5 70.4 53.8 48.1 100.0
(%) 58.2 77.3 68.5 40.6 24.2 0.0

( 5.5) 1000 1500

39.5% 1500 2000 30.6%

2000 2500 15.7%

(P(ls)/P(topo))

( 5.6)

500 1,500 P(ls)/P(topo) 1

500 1,500

2,500

P(ls)/P(topo) 1 2,500

279mm

500 1,500 P(ls)/P(topo) 1
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5.5

5.6
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(Chen and Su, 

2001)

(Schmidt and Montgomery, 1995; Burbank et al., 1996)

(Lin et al., 2008)

32.5 33.3

36.7 ( 5.7)

(Clarke, 2010)

5.7 26.0

( 2010)

5.7
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5.2.2

( 5.8)

44.9% 51.6%

2 4 ( 5.5)

2009 2011

38.0% 34.9% 2012

25.7% 2012

17.0% 38.7%

( 5.9)

2007 2011

21.4% 12.1% 2012 18.2%

2011

50%
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5.8
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5.5

(%)

O I II III IV V
07 3.1 45.3 11.9 9.7 8.5 21.4
09 2.1 48.3 9.5 8.2 11.3 20.6

11 3.9 51.6 15.6 6.6 10.2 12.1
12 4.6 44.9 11.5 7.9 12.8 18.2

(%)

07 29.5 23.1 5.7 7.4 5.6 28.5
09 20.1 38.0 6.6 5.6 7.1 22.7

11 17.0 34.9 11.2 7.6 6.7 22.5
12 38.7 25.7 6.6 6.6 6.1 16.2

(km2)
07 2.3 1.8 0.4 0.6 0.4 2.2
09 1.4 2.6 0.5 0.4 0.5 1.6

11 1.0 2.0 0.6 0.4 0.4 1.3
12 4.5 3.0 0.8 0.8 0.7 1.9

5.9
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5.2.3

( 5.10)

( 5.11)

(Keefer, 2000; Lin et al., 2008)

(R2) 0.98

(Aleotti, 2004; 2010)

5.10
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5.11

5.3

5.3.1

1983 2012 ( 5.6)

14.45Mt 1.28km3

2,689mm ( 5.12)

200mm

(Galewsky et al., 

2006)

(Chakrapani and Saini, 2009)

2007 2012 ( 5.7)

5.08Mt 24%
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( 5.13)

(R2) 0.69

( 5.14)

200mm

20%

200mm

0.02Mt 30.8%

2.76Mt 145 14.2%

2007 4.19Mt

21.6%

5.6

(km3) (Mt) (mm) >200mm
1983 0.67 1.07 1505
1984 1.25 12.94 2609
1985 1.66 22.49 3039
1986 1.66 11.79 2768
1987 1.34 48.18 2473
1988 1.75 21.19 4475
1989 0.91 2.84 2543
1990 1.83 22.83 3499
1991 0.77 3.14 1835
1992 1.86 38.60 2824 &
1993 0.39 0.29 1141
1994 1.48 87.69 2634 &
1995 0.74 0.72 2370
1996 1.64 5.98 3448
1997 0.89 59.37 1695
1998 1.93 8.39 4356
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5.6 ( )

1999 0.94 0.42 1668
2000 1.12 1.80 2972
2001 0.87 4.90 3675
2002 0.45 0.56 1583
2003 0.69 0.96 1519
2004 0.67 3.75 2249
2005 1.42 12.70 3334 &
2006 1.72 16.04 2404
2007 5.74 19.40 3652 &
2008 0.97 1.52 3236
2009 0.64 2.55 3622
2010 0.38 0.08 2259
2011 0.15 0.06 2794
2012 1.75 21.15 2490

1.28 14.45 2689

5.12



57

5.7

(Mt)
(Mt)

(%)

2007
(8/16~8/19)

19.40 2.76 14.2

2007
(10/4~10/8)

19.40 4.19 21.6

2009
(10/3~10/6)

2.55 0.98 38.5

2011
(8/27~8/31)

0.06 0.02 30.8

2012
(7/30~8/3)

21.15 5.08 24

5.13
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5.14

5.3.2

5 10 11 4

1983 2012 ( 5.8)

1.10Mt 13.35Mt

2.9 12.1 1994

1997 1985 922 223

221 ( 5.15)

326

(Kuo et al., 2005)
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5.8

(Mt) (mm) (Mt) (mm)
/ /

1983 0.67 829 0.40 676 0.6 0.8
1984 0.26 491 12.68 2117 48.3 4.3
1985 0.10 579 22.39 2460 221.7 4.3
1986 6.75 850 5.04 1919 0.7 2.3
1987 0.30 511 47.88 1962 160.1 3.8
1988 1.08 608 20.10 3867 18.5 6.4
1989 0.27 784 2.57 1759 9.4 2.2
1990 2.20 772 20.63 2727 9.4 3.5
1991 0.76 445 2.38 1390 3.1 3.1
1992 0.27 902 38.33 1922 141.6 2.1
1993 0.10 457 0.19 684 1.9 1.5
1994 0.10 610 87.59 2024 922.6 3.3
1995 0.23 657 0.49 1713 2.1 2.6
1996 3.16 1486 2.82 1962 0.9 1.3
1997 0.26 314 59.10 1381 223.6 4.4
1998 2.85 888 5.54 3468 1.9 3.9
1999 0.11 337 0.31 1331 2.9 3.9
2000 1.24 1005 0.56 1967 0.4 2.0
2001 0.16 899 4.74 2776 30.7 3.1
2002 0.05 530 0.51 1053 10.9 2.0
2003 0.22 501 0.74 1018 3.4 2.0
2004 2.90 963 0.86 1286 0.3 1.3
2005 0.29 591 12.41 2743 43.1 4.6
2006 0.29 549 15.76 1855 54.4 3.4
2007 3.37 992 16.03 2660 4.8 2.7
2008 0.51 515 1.01 2721 2.0 5.3
2009 0.12 494 2.43 3128 20.2 6.3
2010 0.04 478 0.04 1781 1.0 3.7
2011 0.00 1107 0.06 1687 18.3 1.5
2012 4.33 609 16.82 1881 3.9 3.1

1.10 692 13.35 1997 12.1 2.9
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5.15

5.3.3

2012 6 15 0 15 5.4

10.0 6 6

15 6 17 3 2.7 5.0 112

2010

1 2012 12 2012 6 15

( 5.16) 2m3/sec

19.4ppm 160.1ppm

10 8.3 101m3/sec
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2080.5ppm 7748.4ppm 10

3.7 ( 5.17)

(2010 1 2012 5 ) 417ppm (2012

6 12 ) 3,557ppm 8.5

(Mikos et al., 2006)

( 5.18) 39.1ppm

108.9ppm 2.8

5.16
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5.17

5.18
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5.4

(1) (SO4
2- Cl- Na+ K+

Ca2+ Mg2+) (2) (3) 13

2 4 2011 1 2012 12

57

5.4.1

2011 2012

(Na+) (K+) (Ca2+) (Mg2+) (SO4
2-)

(Cl-) ( 5.9) Cl- 11 M 52 M

28 M Ca2+ 994 M 1,687 M 1,211 M

Malina(1996)

Ca2+

Ca2+

( 1998) Ca2+

2011 1 2012 12 ( 5.19)

SO4
2- Na+ Mg2+

Ca2+ K+ Cl-

SO4
2- Na+ Mg2+ 2011 5 7

1,231μM 604μM 606μM 8 31

12 9 100mm

SO4
2- Na+ Mg2+ 2011 10 12

858μM 248μM 452μM

Ca2+ K+ 2012 7

1,211μM 74μM 2012 8 9
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1,828μM 130μM Cl-

28μM

25μM 30μM Cl-

5.9

/
SO4

2-

(μM)
Cl-

(μM)
Na+

(μM)
K+

(μM)
Ca2+

(μM)
Mg2+

(μM)
2011/1 1066 11 487 63 1067 523
2011/2 940 22 451 66 1115 545
2011/3 1007 28 603 69 994 547
2011/4 995 33 598 73 1297 496
2011/5 1277 40 714 87 1286 615
2011/6 1169 29 513 70 1171 588
2011/7 1250 33 586 74 1237 615
2011/8 1132 35 580 68 1065 553
2011/9 1153 30 419 74 1137 531
2011/10 931 41 257 71 1067 473
2011/11 863 52 243 74 1115 447
2011/12 849 37 245 59 1161 436
2012/1 863 18 364 53 1146 467
2012/2 913 22 551 59 1196 472
2012/3 962 18 481 60 1160 502
2012/4 1003 21 533 63 1251 501
2012/5 958 18 447 63 1166 463
2012/6 977 31 315 58 1228 399
2012/7 1034 21 397 58 1144 419
2012/8 1042 25 392 104 1357 436
2012/9 1149 27 280 111 1687 395
2012/10 986 27 378 78 1269 456
2012/11 1049 19 407 76 1258 501
2012/12 1107 21 327 75 1170 521

1049 28 451 74 1211 505
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5.19
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Ca2++Mg2+

70% 90% Na+ 10% 30% K+

10%( 5.20) Ca2+ Mg2+

( 2008)

Ca2+ Mg2+ (Barth et al., 2003)

5.20
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5.4.2 13

( 5.10) (DIC) 21.5ppm

27.8ppm 23.9ppm 13 ( 13CDIC) -6.1 -2.1

-3.61 13C (

5.21) (1)DIC 13C (2)DIC 13C

(3)DIC 13C

2011 2012 3 6 22ppm

25ppm 13C 3.4‰

2011 6 8

23.0ppm 13C -2.51‰

2012 8 10

13C Ca2+ DIC 28.0ppm

1.2 Ca2+ 1,828μM 1.5 (DIC)

( 5.22) 20m3/sec

20m3/sec

Ca2+ HCO3
-

δ13CDIC Ca2+ (Barth et al., 2003)
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5.10 13CDIC

/ DIC(ppm) 13CDIC ) / DIC(ppm) 13CDIC )
2011/1 23.1 -3.65 2012/1 22.7 -3.14
2011/2 23.4 -2.89 2012/2 23.6 -3.48
2011/3 24.5 -2.16 2012/3 22.6 -3.32
2011/4 24.8 -3.79 2012/4 24.1 -3.85
2011/5 24.6 -4.88 2012/5 23.5 -4.53
2011/6 25.0 -5.60 2012/6 25.2 -6.05
2011/7 23.9 -3.24 2012/7 24.9 -5.09
2011/8 23.0 -2.51 2012/8 26.4 -4.32
2011/9 23.4 -2.25 2012/9 26.7 -3.34
2011/10 23.6 -2.86 2012/10 28.0 -4.04
2011/11 23.4 -4.43 2012/11 26.6 -4.62
2011/12 23.1 -4.39 2012/12 26.9 -4.17

24.0 -3.30 24.9 -4.25

5.21 δ13CDIC Ca2+
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5.22

5.5

( 5.11)

( 2008)

(

1984)

K+ Mg2+

Ca2+
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5.11 

Na+,(%) K+,(%) Mg2+,(%) Ca2+,(%)

0.28 1.99 0.33 0.15
0.75 2.79 0.87 0.56
1.03 1.01 3.91 3.90
1.73 3.29 0.63 1.14
0.01 0.01 1.08 28.88
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6.1

2011

2012 ( 6.1) 2007

( 2007)

K+ ( 6.1)

K+ ( 6.2)

K+

K+

(

2008) 86%

1.99%

2.79%

K+ (Reinchards, 2008)

6.1

SO4
2-

(μM)
Cl-

(μM)
Na+

(μM)
K+

(μM)
Ca2+

(μM)
Mg2+

(μM)

* 922 48 23 86 -- 386

1153 30 419 74 1123 580

988 18 426 96 1480 426

* 2007

**--
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6.1

6.2 K+
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6.2

( 2009 2013) Cl-

(Stallard and Edmond, 1981)

Gibbs ( 6.3) (Total Dissolved Salts, 

TDS) 250ppm 400pmm Na+/(Na++Ca2+) 0.1 0.3

Gibbs

6.3 Gibbs
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( 6.2)

Cl- Na+ 6.5% Ca2+ 0.1%

6.2

Mg2+ Ca2+ Na+ K+ Cl- SO4
2-

( M) 505.3 1211.0 451.4 73.6 27.5 1049.4

( M) 502.0 1210.3 421.9 73.0 0.0 1047.6

(%) 0.6 0.1 6.5 0.9 100.0 0.2

* (Stallard and Edmond, 1981)

[Ca2+]/[Na+] [Mg2+]/[Na+] 6.4

[Ca2+]/[Na+]

3.5 [Mg2+]/[Na+] 1.3 87%

13%

[Ca2+]/[Na+] [Mg2+]/[Na+] 2012

(8 9 ) ( 6.4)
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6.4 Ca2+/Na+ Mg2+/Na+

6.3

(Wohl, 2000)

(Hornbeck et al., 1997; Ohrui and Mitchell, 

1999)

Salmon et al.(2001)

( 6.5) (1) (Dilution effect)

(2) (Enhanced hydrologic access)

(3) (Hydrologically constant)
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6.5 ( Salmon et al., 2001)

( 6.6)

Na+ Mg2+ SO4
2- (Salmon et al., 2001)

20m3/sec

20m3/sec

Na+ 2m3/sec 20m3/sec 400μM

20m3/sec 300μM

Ca2+ K+ (Aber and Melillo, 1991; Wang, 

1997)

20m3/sec 100m3/sec Ca2+ 200μM K+

1.5

Ca2+ K+

Cl- (Liaw, 1998)
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Cl-

(Wang, 1996)

6.6 (
)
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( 6.7) SO4
2- K+ Ca2+

Na+ Cl- Mg2+

2011 2012 ( 6.3) 2012

2011 K+ Ca2+

2012 1.30 1.17 2011 1.09 1.04

Na+ 2012 0.91 2011 0.96

2012

6.7

6.3 2011 2012

SO4
2-

(μM)
Cl-

(μM)
Na+

(μM)
K+

(μM)
Ca2+

(μM)
Mg2+

(μM) (m3/s) (mm)
2011 1002 24 535 68 1118 528 4.7 1107
2012 909 28 403 61 1171 471 46.0 609

955 26 469 65 1145 499 25.4 858
2011 1152 35 512 74 1161 563 6.1 1687
2012 1024 25 368 79 1308 428 60.0 1881

1088 30 440 76 1234 495 33.0 1784



79

7.1

Hovius et al.(1997) ( 7.1)

( 7.2)

P (A AC) = A-                  ( 7.1)

( 7.2)

7.1 7.2 P A (m2)

AC (m2)

V

(m3/m2) ԑ L (m)

7.2 1.5 <1.5

2000m2 >1.5

2000m2 (Dadson et al., 2004)

( ) 1.00 1.28 1.08 0.99 1.5( 7.1)

2000m2

(r2) 0.95

7,600m2 ( 7.2)

Stark and Hovius(2001)
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7.1

7.2
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( 7.1)

650m2 ( 2007)

7,600m2 7,200m2 ( 2009)

1,400m2 1,900m2 ( 2005 2008

2012 2007)

SPOT

SPOT

( 2009)

( 2006 2008)

SPOT

ENVI
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7.1

(km2) (%)
(m2)

760 2,062 0.9 650 1m

410 1,010 1.7 1,400 SPOT 12.5m

378 691 1.4 1,400 SPOT 12.5m

842 -- 1.7 1,900 SPOT 12.5m

167 -- 1.9 7,200 SPOT 12.5m

561 390 2.1 7,600 SPOT 10m

640 3,147 1.4 1,900 SPOT 12.5m

* 2007 2005 2008 2012

2009 2007
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7.2

(Rothwell, 2010) Glay and France-Lanord(1999)

X

Dalai et al.(2002) Glay and France-Lanord(1999)

[X]river = Xcyclic + Xevaporite + Xcarbonate + Xsilicate + Xsulfide + Xanthropogenic ( 7.3)

Nasil = Nariv - Clriv                  ( 7.4)

Ksil ≈ Kriv ( 7.5)

Casil = Nasil x (Ca/Na)sol                 ( 7.6)

Mgsil = Nasil x (Mg/Na)sol ( 7.7)

( Cation)carbonate = ( 7.8)

7.3 [X]river (μM) Xcyclic

(μM) Xevaporite (μM) Xcarbonate

(μM) Xsilicate (μM)

Xsulfide (μM) Xanthropogenic

(μM) 7.3

(1) (2)

(3) (4) (5)

(6)

7.4 7.8 Nariv Kriv Cariv Mgriv Clriv Na+ K+

Ca2+ Mg2+ Cl- Nasil Ksil Casil Mgsil
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Na+ K+ Ca2+ Mg2+ (Ca/Na)sol (Mg/Na)sol

6.1 (Ca/Na)sol=0.49

(Mg/Na)sol=0.33 ( Cation)carbonate

7.4 7.8

( 7.2)

40% 80%

2011 8 10 2012 7 9

( 7.3)

7.2

/
Cationcarbonate (%)

/
Cationcarbonate (%)

2011/1 55.5 2012/1 65.4
2011/2 59.1 2012/2 54.4
2011/3 46.5 2012/3 58.2
2011/4 53.9 2012/4 56.9
2011/5 42.2 2012/5 62.1
2011/6 54.8 2012/6 69.7
2011/7 55.7 2012/7 62.5
2011/8 52.4 2012/8 67.7
2011/9 63.6 2012/9 75.8
2011/10 73.0 2012/10 65.9
2011/11 74.8 2012/11 64.3
2011/12 75.0 2012/12 68.6
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7.3

7.3

( 7.9) (Salmon et al., 2001)

(hyperbolic dilution equation)

(Johnson, 1969) Salmon et al.(2001) ( 7.10)

y = AQ + B                      ( 7.9)

y = C1 + C2/(1+C3Q)   ( 7.10)



86

7.9 7.10 y Q A B C1 C2 C3

( 7.3) Cl- K+ Ca2+

(Caissie et al., 2002) Na+ Mg2+ SO4
2-

(Caissie et al., 1996) Cl- A 0

K+ Ca2+ A

( 7.3) R2 P

R2 0 1 R2

(Keller, 2008) P P

(Weiers, 2005) P 0.05

(Black, 2011) Na+ Mg2+ (R2) 0.49

0.50 P 0.0001 Na+ Mg2+

Cl- (R2) 0.02 P 0.3477 Cl-

(Berenson, 2012)

7.3

R2 P

SO4
2- y = 952.6 + 3987302/(1+5000Q) 0.23 0.0013

Na+ y = 282.9 + 3959056/(1+3333Q) 0.49 <0.0001

Mg2+ y = 387.6 + 394/(1+0.25Q) 0.50 <0.0001

Cl- y = 27.7 - 0.08Q 0.02 0.3477

K+ y = 65.3 + 0.43Q 0.23 0.0003

Ca2+ y = 1161.2 + 2.2Q 0.06 0.0826
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7.4

1983 2012 30

1992 (8 26

31 ) 3,040m3/sec 70,400ppm( 7.4)

1992 (8 26 31 ) (9 21 23 )

40,000ppm

Dadson(2005)

8.3 ( 7.5) 24

442mm 24 442mm

1992 ( 7.6) 8 28 19 29 19 24

442mm 30 7

643mm 8 29 12 31 12

63,800ppm 70,400ppm 24

2007 ( 7.7) 17 14 18 14 24

442mm 18

21 499mm

8 18 4 19 16

24

24
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7.4

7.5
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7.6 1992

7.7 2007
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1. 2007 2012 2012

2.1% 71.4% 58.2%

2.

3. 30 14.45Mt

12.1

4. 24

442mm 40,000ppm

1992 2007

24

5.

K+ Ca2+ δ13CDIC

6. Na+ Mg2+

Cl-

Ca2+ K+

1.13 1.07
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7.

K+ Ca2+ 13CDIC

Na+ Mg2+  
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(1986) 

164

(1976) 

484-489

(2007)

113

(1984) 

208 2-17

(2003) 

33 39-53

(2005) 

130

(2010) 

234

(2006) 

17 23-28

(2009)

108

(1981) 

391-441

(2007)

121

(2012)
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103

(2005)

124

(2008)

106

(2008) 

106

(2009) 

92

(2005-2008) 

(2008) 

(1998) 356

(2007) 2011

21 53-63

(1982) 27 649-680

(2000) 

(1983-2012) 

(2010) 

114

(2013) 

63

(1991)
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1991-343

(2006) 2005

32
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