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!

( Heavy metal concentration Fit a theoretical variogram model
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Kriging interpolation
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Cross validation

HIT I

Fig. 3.1 Input data and overall procedures of the prediction of

heavy metal concentration considering the stream path.
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Fig. 3.4. Grid-based (a) flow direction, (b) flow accumulation and

(c) defined stream.
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for each pixel
( which is a sample (A) )

!

calculate flow direction

FY

next downward
pixel is a sample (B)

record the distance
from (A) to (B)

(B) is a final sample
connected with (A)

(A) is a final
sample in pixel sets

calculate empirical variograms
for all sample pairs and
model a theoretical variogram

calculate covariances
for all sample pairs

-

( for each pixel (C) )

!

calculate flow direction

FY

next downward
pixel is a sample (D)

record the distance
from (C) to (D)

(D) is a final
connected sample
of downward
samples

repeat the same procedure from
upward sample to pixel (C)

calculate covariances of pixel (C)
with connected samples
from theoretical variogram

sample and predict the

calculate a weight of each /
unknown value of pixel (C)

Fig. 3.5. Flowchart for the calculating the distances between

samples and predicting the unknown value using kriging.
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Fig. 3.6. Euclidean distance (a) and flow distance (b) between

samples in the stream network.
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Fig. 4.1. (a) DEM and samples and (b) stream order and

watersheds of the test area.
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(b)
Fig. 4.2. Distribution of (a) LS factor that represents soil loss

Folluted area

Polluted area
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=
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[
=
B

Sample
concentration

and (b) simulated heavy metal concentration of test samples.
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Fig. 4.4. Prediction of heavy metal concentrations for the test

area using linear model with the correlation length of (a) 3,000 m

and (b) 4,500 m
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Fig. 4.5. Prediction of heavy metal concentrations for the test

area using spherical model with the correlation length of (a)

3,000 m and (b) 4,500 m
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Table 4.1. Cross validation results of ordinary Kkriging using
Euclidean distance for test samples (shaded number is the most

similar value to original value).

. . linear model spherical model  gaussian model
sample original

3,000 4,500 3,000 4,500 3,000 4,500

1D value
m m m m m m

117 1122 1107 111.8 1128 112.3  101.1

132 1104 111.8 1074 1106 134.7 156.7

101 80.1 72.1 63.0 70.1 63.9 64.5

62 99.0 89.7 95.8 94.5 76.1 81.2

42 74.1 75.2 70.4 68.8 1045 3715

40 65.6 53.0 64.1 o8.4 66.2 53.3

1
2
3
4
5 65 90.1 61.8 o8.4 62.9 3.4 -106.1
6
7
8

40 60.3 47.1 071 o8.4 00.2  104.9

9 66 47.9 40.6 45.1 42.9 46.8 88.3

10 40 62.3 64.3 67.6 65.8 99.2 227

11 77 90.5 70.8 ol.8 96.4 158  -79.5

12 67 74.6 85.0 70.7 78.3 985 1169

13 64 63.8 70.5 70.9 68.7 53.0 44.9

14 63 65.6 4.7 73.6 72.5 76.4 78.4

15 70 74.0 67.5 74.1 75.5 71.0 65.3

16 70 96.3 69.9 60.8 61.7 67.7 74.3

17 70 90.6 o8.4 58.6 o7.8 90.1 43.0

18 64 81.4 52.0 62.1 96.9 36.8 12.7

19 63 47.8 90.1 60.0 61.8 816 1189

20 61 63.0 73.2 63.2 63.4 48.0  -42.3
ME - 1.8 1.75 1.2 1.3 -2.5 -0.2
MAE - 15.8 14.2 15.3 14.3 22.8 60
RMSE - 18.5 17.1 18.6 17.4 29.6 97.6
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connected samples
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Fig. 4.8. (a) Prediction of heavy metal concentrations for the test

area using flow kriging with spherical variogram model and (b)

the number of connected samples of each sample.
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Table 4.2. Cross validation results of ordinary Kkriging using

distance on the stream for test samples (shaded number is the

most similar value to original value).

sample  original linear model spherical model  gaussian model
4,500 5,500 4,500 5,500 4,500 5,500
id value
m m m m m m
1 117 126.7 127.0 127.6 1276 153.2 170.1
2 132 116.1 115.8 111.1 112.9 91.5 66.6
3 101 82.7 83.9 78.6 30.4 70.3 71.6
4 62 69.7 69.8 67.1 68.4 70.3 70.8
5 65 54.6 54.1 57.7 56.0 445 35.4
6 42 66.8 66.2 65.4 65.7 5.2 115.7
7 40 63.4 64.0 62.8 63.1 63.0 63.5
3 40 63.9 64.0 63.1 63.4 63.5 64.0
9 66 7.8 78.2 73.6 75.0 100.8 154.8
10 40 78.0 78.0 73.8 5.2 99.7 1479
11 77 48.4 46.5 53.8 52.1 57.5 0.0
12 67 69.8 70.0 72.0 72.1 72.7 774
13 64 42.3 64.5 65.5 65.9 62.0 61.2
14 63 45.0 55.9 62.0 66.9 65.1 65.6
15 70 0.0 47.0 32.4 79.0 59.5 61.5
16 70 70.6 79.4 71.2 66.8 73.3 74.2
17 70 70.8 66.3 73.6 69.7 66.0 56.7
18 64 42.5 477 55.5 60.3 59.2 37.8
19 63 56.8 59.8 64.7 61.9 72.3 167.0
20 61 117.6 31.8 59.2 538.3 74.0 131.9
ME - -0.4 2.4 3.4 3.3 59 16.1
MAE - 20.6 15.1 11.9 11.8 19.3 41.2
RMSE - 26.8 18.0 154 154 24.7 53.8
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Stream sediment
test sample

Mon-point pollution
concentration

by s00

169.9

(a)

(b)

Fig. 4.9. Distribution of (a) non-point pollution source and (b)
simulated heavy metal concentration of stream sediment test

samples.

- 66 - i ,ﬂﬂ —%-Eﬂ



364.5

3038

2430

semi variogram

182.3

1215

0.0

420.5

3504

280.3

semi variogram

2103

140.2

701

0.0

|IIIIIIIII|IIlI|IIJIIlIII|iIIl|

Fig. 4.10.

(a)

1 .
// [ ]

0 1600 3200 4800 6400 8000

separation distance (m)

(b)
|III[|IFEE|IIIIIIII |IIII|IIIII!]1I|1III|IIII|IIII|
0 2800 5600 8400 11200 14000

separation distance (m)

Empirical variogram and theoretical variogram

calculated from (a) Euclidean distances and (b) distances on the
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Fig. 4.11. Prediction of heavy metal concentrations for the
non-point pollution source test area using (a) Euclidean distance

and (b) flow kriging.

o (2 A= o



Table 4.3. Cross validation results of kriging using Euclidean
distances and distances on the stream for non-point pollution

source (shaded number is the most similar value to original

value).
original kriging using
sample id flow kriging
value Euclidean distance

1 96 94.1 95.4

2 94 91.2 96.2

3 104 100.1 99.1

4 94 98.7 94.7

5 38 83.7 88.8

6 72 73.7 78.7

7 91 88.5 36.3

3 73 83.2 79.0

9 34 97.0 89.5
10 99 35.2 89.3
11 37 93.3 91.0
12 97 99.8 95.2
13 100 101.0 99.4
14 101 101.7 100.1
15 100 100.5 111.9
16 100 98.2 100.7
17 101 94.8 99.2
18 98 96.3 97.3
19 99 98.8 97.8
20 99 914 95.1
21 33 90.6 92.0
22 70 74.4 76.1
23 70 79.7 31.0
ME - 1.2 14
MAE - 5.0 4.3
RMSE - 75 54
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Fig. 4.12. (a) Correlation between watershed areas and heavy

metal concentrations of stream sediments and (b) the residual

distribution according to watershed area.
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Regressed

L concentration
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Predicted
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Fig. 4.14. (a) Regressed heavy metal concentrations using the
correlation of watershed area and concentration and (b) prediction
of concentration by the sum of regressed concentrations and

predicted residuals.
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Table 4.4. Cross validation results of SKLM using the correlation
of watershed area and concentration for test samples (shaded

number is the most similar value to original value).

.. linear regression log regression
sample original

linear spherical linear spherical

id value
model model model model
1 117 124.9 1254 121.0 121.1
2 132 1155 114.0 123.0 122.1
3 101 94.4 92.8 98.5 97.4
4 62 74.0 76.1 74.3 76.5
5 65 56.6 58.5 54.5 56.5
6 42 72.4 81.0 80.7 89.4
7 40 88.0 87.5 98.9 97.7
8 40 88.2 87.8 98.2 97.3
9 66 79.7 82.9 86.2 89.5
10 40 81.5 84.5 109.1 112.2
11 77 -23.8 33.4 -100.5 3.8
12 67 69.3 58.4 68.7 51.4
13 64 65.8 61.5 64.9 58.8
14 63 68.3 62.9 67.6 58.8
15 70 82.6 148.7 81.0 432.6
16 70 63.0 71.6 59.3 73.2
17 70 75.2 77.1 80.5 81.5
18 64 -192.7 29.8 -255.2 20.8
19 63 58.6 66.6 56.2 66.1
20 61 32.6 83.9 25.8 90.9
ME - -58.5 -38.0 -14.1 -22.1
MAE - 59.3 41.9 63.5 54.5
RMSE - 87.2 46.7 105.1 85.5
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129°10 129°15° 129°20'

Fig. 5.1. Location of study area on the outline map and satellite

image (Google Earth).
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P 1243
B o

Stream sediment
(polluted)

. Stream sediment
(non-palluted)

. Farmland soil

Fig. 5.2. DEM and locations of samples. Sample numbers in
brackets indicate stream sediment samples collected from

non-polluted stream.
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Table. 5.1. Monthly precipitation (mm) of Donghae, Gangwondo from 2005 to 2014 (Korea Meteorological

Administration).

Jan. Feb. Mar. Apr. May. Jun. Jul. Aug. Sep. Oct. Nov. Dec. Sum

2005 490 483 1346 303 315 765 2395 1728 5541 906 0.5 0.1 1432.8

2006 722 138 127 1109 987 457 9107 261.1 1790 151.1 772  34.0] 1967.1

2007 298 342 1573 331 861 795 2420 1538 6055 314 588 3.0 15145

2008 73.3 01 1001 361 485 906 2521 1543 656 613 606 359 9785
2009 120 186 612 495 584 831 2815 1204 659 171 1520 212 9409

2010 36.1 1103 1283 328 1081 181 8.4 1481 2911 703 6.9 136 1049.1

2011 221 1803 423 936 1045 3333 2928 1245 2310 670 1743 100.0| 1765.7

2012 3717 188 1088 962 389 284 287.0 2336 2098 145 189 < 30.7] 11233
2013 684 220 741 538 88 9H6 2020 634 1817 1325 42 215 9650
2014 631 1474 476 2475 70 519 662 3824 1492 1547 972 - 1414.2

Avg. 464 394 867 784 668 863 289 1814 2533 791 656 289 13151
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Fig. 5.3. Heavy metal concentration of samples. (a) As (b) Cd (c¢)
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Table b5.2. Heavy metal concentrations of stream sediment
samples (light shaded number exceeds the soil contamination
warning standards of korea and dark shaded number exceeds the
US standard of sediment removal).

(unit: mg/kg)

As Cd Cu Ni Pb Zn
EdeduA e 6 05 50 40 100 300
Egedfele 15 4 125 100 300 700
M HAE
ANA7 &=
1 . 1.7
2 9.3 . 3.0 80 116
3 10.6 17 33 75 208
4 21.0 1.9 36 71 23
5 16.1 34 157 88 62
6 15.0 2.1 438 72 205
7 145 2.0 438 77 324
8 17 0.1 05 83 49 1506
9 12.8 15 45 73 192 [668A0N
sample 10° ND 0.0 07 111 L1 2287
id 11 L5 05 1.9 74 8.8
12 7.1 1.4 6.0 7.1 28.5
13° ND 0.1 08 161 15 1611
14 0.8 05 22 73 99
15 16.4 1.9 5.0 78 195
16 42 0.7 35 80 186
17 05 0.1 05 72 56 1086
18 72 L1 62 156 131 2796
19 4.3 0.8 43 77 212 [NIS556Y
20 04 0.1 19 137 19  307.1

* control group
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Table 5.3. Heavy metal concentrations of farmland soil samples
(licht shaded number exceeds the soil contamination
countermeasure standards of korea and dark shaded number
exceeds the soil contamination warning standards of korea).

(unit: mg/kg)

As Cd Cu Ni Pb /n

Edodu e 6 0.5 50 40 100 300
EdedterE DN Io5 00N S00 008

1 0.9 0.3 2.0 20.4 275 176.6

2 1.3 0.3 16 20.0 21.1 183.1

4 0.1 0.1 1.0 21.8 17.6 140.1

5 2.0 0.2 3.8 20.7 85 1375

6 0.5 0.3 35 13.3 15.7 127.8

7 1.0 0.6 4.8 12.2 15.2 207.8

7-1 0.3 0.1 2.2 155 6.9 772

-2 1.1 0.2 18 16.1 5.7 116.6

7-3 0.2 0.1 15 15.2 4.0 65.2

7-4 0.5 0.2 3.9 12.6 6.2 102.1

8 15 0.3 2.0 155 1.6 152.8

9 0.7 0.1 1.7 14.4 3.6 110.8

10 47 0.1 1.7 16.3 2.4 72.6

11 3.4 0.2 2.0 19.7 2.4 158.7

sample 12 ND 0.1 1.7 16.2 2.8 516

id 13 04 0.1 2.0 8.9 75 54.1

14 1.1 0.1 2.2 10.8 6.6 83.9

15 16 0.2 2.9 10.6 6.2 70.3

16 3.8 0.5 45 17.8 8.9 204.2

17 1.0 0.2 3.0 13.8 8.7 103.9

18 1.3 0.6 5.8 13.8 14.6 213.7

19 0.7 0.1 1.6 9.3 8.1 440

20 2.8 0.2 2.6 16.6 3.6 109.8

21 2.4 0.1 2.4 125 5.7 99.0

22 1.3 0.5 55 15.0 13.9 1975

23 2.0 0.2 25 21.7 2.8 1214

24 1.1 0.2 3.2 235 6.2 179.8

25 0.9 0.1 2.7 16.1 4.0 81.7

26 3.3 0.3 6.1 20.9 7.3 179.2

27 1.7 0.1 3.2 21.2 49 111.0
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Table 5.4. Euclidean distance and flow distance between samples.

(unit: m)
sample id sample id Euclidean distance flow distance
(A) (B) between (A) and (B) between (A) and (B)
1 2 500.0 582.8
2 3 360.6 382.8
3 4 1843.9 21314
4 5" 141.4 not connected
5" 6 424.3 482.8
6 7 1360.1 1690.0
7 8" 707.1 765.7
8" 9 806.2 1007.1
9 10 223.6 not connected
10" 11 412.3 582.8
11 12 4123.1 5062.7
12 13° 824.6 not connected
13" 14 1100.0 1265.7
14 15 1711.7 2090.0
15 16 3935.7 5045.6
16 17 1529.7 not connected
17 18 2334.5 3407.1
18 19 1486.6 27385
19 20 2119.0 2572.8

* control group
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Fig. 5.6. Prediction of Zn concentrations for the study area using
(a) Euclidean distance and (b) flow kriging with variogram model

for 20 samples.
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Fig. 5.7. Prediction of Zn concentrations for the study area using
(a) Euclidean distance and (b) flow kriging with variogram model

for 14 samples.
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Table. 5.5. Cross validation results of general kriging and flow
kriging for study area (shaded number is the most similar value
to original value).

(unit: mg/kg)

.. general kriging flow kriging
sample id  n&mal o0 for 14 for 20 for 14
value
samples samples samples samples
1 5158 6367.3 - 6402.2 -
2 5046 6614.5 10886.5 6584.6 10057.9
3 11607 5101.8 5630.2 5678.5 5721.4
4 8558 5454.2 7782.3 6461.4 7905.4
5° 3090 6533.0 - 5852.8 -
6 6859 5703.3 9078.4 6274.3 8916.4
7 11882 4725.1 7149.4 5082.6 7341.6
8 151 6280.1 - 5905.0 -
9 6634 5438.3 10379.9 5588.5 9826.4
10° 229 6409.1 - 4258.6 -
11 8911 4644.9 7748.6 4626.4 7912.5
12 4385 3351.3 5305.0 4298.6 5235.1
13 161 4359.3 - 2620.5 -
14 4347 30174 4189.5 3454.4 4082.7
15 3726 2723.0 3530.4 3397.9 3720.3
16 2380 1919.8 2224.6 3268.2 2920.3
17 109 22255 - 822.0 -
18 280 1918.8 2125.0 2783.1 2494.9
19 1956 1466.0 518.0 2585.3 835.0
20 307 2554.5 2713.2 3146.4 3112.3
ME
(for 20 samples) 48.9 163.3
ME -1592.5 166.6 -978.4 225.2
(for 14 samples) ' ) ' '
MAE
(for 20 samples) 28240 23130
MAE 2371.8 2251.5 2178.2 2149.3
(for 14 samples
RMSE
(for 20 samples) 35350 30786
RMSE 3148.1 2987.7 2981.7 2816.0
(for 14 samples

_99_
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Predicted Zn
concentration (ppm)
@ 281.0 - 865.8

@ 865.8 - 2076.5

() 2076.5 - 4032.4

(O 4038.4 - 71220

@ 7122.0 - 118820

Predicted Zn
concentration (ppm)
@ 2210 - 13647

@ 13647 - 23813

() 23813 - 44444

(D) 4444.4 - 6360.7

@ 63607 - 118320

(b)

Fig. 5.10. Prediction of Zn concentrations for the study area using

flow kriging with (a) spherical variogram model and (b) spherical

variogram model combined with nugget model.
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c
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o | \

4000

0 ¥ . : ; .
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Fig. 5.11. Variation of predicted Zn concentrations for different methods according to distance from

tailings dam.
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Abstract

Geostatistical prediction of heavy metal

concentration considering the path of stream

Sung-Min Kim
Dept. of Energy Systems Engineering
The Graduate School

Seoul National University

Erosion of heavy metals in mine waste rocks and tailings can
contaminate the surrounding environment including soil and
water. To prevent and reduce the damage, estimating the degree of
pollution of stream and predicting the transport pathway are
important. However, it is difficult to assess the contamination at
the site because of topographic complexity and limited data. By
using Geographic Information Systems (GIS), faster, less
subjective and more reproducible prediction for extensive area can
be obtained from a Digital Elevation Model (DEM). This study
presents GIS modeling techniques to predict the heavy metal
concentrations of the stream sediments for assessing the

contamination and planning the reclamation. To estimate heavy
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metal concentrations over the stream, a new kriging method which
calculates the stream distances between samples was suggested,
taking into account the topography and networks of streams.
Combined with GIS-based flow analysis, the result presents more
accurately predicted concentrations than other general kriging does.
This paper describes the concept and details of the new technique,
and outlines applications for this technique using synthetic and
real-world datasets. The validation data indicate that the new
technique is an effective approach for the prediction of heavy metal
concentrations of stream sediments. It is also verified that catchment
areas of samples derived from DEM can be used as an additional
data for prediction if there is some correlation between the
catchment area and the concentration of heavy metal. The proposed
techniques can prioritize environmental hazards and give useful
information for reclamation of stream networks. It is applicable to
abandoned mines, industrial areas, and other various areas and

countries.

Keywords . GIS, geostatistics, heavy metal, kriging,
stream
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