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Assessment of soil contamination around an abandoned mine in a semi-arid
environment using geochemistry and geostatistics: Pre-work of geochemical
process modeling with numerical models
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ARTI1LCLE INFO ABSTRACT

Article history: One of the most serious environmental issues related to mining industry in Morocco and elsewhere around
Received 23 July 2012 the world, is the pollution from abandoned mine sites. Mine wastes cause obvious sources of soil contamina-
Accepted 30 November 2012 tions. Climatic effects such as heavy rainfall engender metal dispersion in semi-arid areas, since soils are typ-

Auaiable Snline20 Becember. 2012 ically and scarcely vegetated. In this study, extension and magnitude of soil contaminations with toxic

elements from abandoned Kettara mine, in Morocco, are assessed using geochemical analysis and

lé?gcvl?grjs-ical mapping geostatistics for mapping. Soils and mine wastes are sampled and analyzed for 41 chemical elements (Mo,
S6il. eontainifiation Cu, Pb, Zn, Ag, Ni, Co, Mn, Fe, As, U, Au, Th, Sr, Cd, Sb, Bi, V, Ca, P, La, Cr, Mg, Ba, Ti, Al, Na, K, W, Zr, Ce, Sn,
Geochemical background Y, Nb, Ta, Be, Sc, Li, S, Rb and Hf). Based on enrichment factor (EF), only five elements of interest (Cu, Pb,
Kettara abandoned mine Zn, As, and Fe) were selected in this research. Geochemical background is determined with exploratory
GIS data analysis and geochemical maps were elaborated using geostatistics in Geographic Information System
Simple kriging (GIS) environment.

The obtained results show that Kettara soils are contaminated with metals and metalloid that exceed the established
geochemical background values (Cu=~43.8 mg/kg, Pb~21.8 mg/kg, Zn~102.6 mg/kg, As=~13.9 mg/kg and
Fe~56,978 mg/kg). Geochemical maps show that the deposited mine wastes are responsible for soil contamina-
tions with released metals and metalloid that have been dispersed downstream from the mine waste mainly,
through water after rainfall. For sustainable development and environmental planning, the current study is expected
to serve as a reference for politicians, managers, and decision makers to assess soil contaminations in abandoned
mine sites in Morocco.

© 2012 Elsevier B.V. All rights reserved.
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Table 1

Descriptive statistics, Clarke values (a) and enrichment factors of the chemical elements of the examined|Kettara soils.

Elements Minimum Maximum Mean Median SD vC Skewness Kurtosis K-S test Upper Continental Crust Enrichment factor
Clarke values® (Upper Continental Crust)

Mo 0.3 4.7 1.13 0.8 0.86 0.76 2.31 5.81 0.000 1.50 0.86
Cu 20.6 1687 203.38 62.3 308.32 1.52 2.82 9.25 0.000 25 9.22
Pb 7.6 207.8 41.44 329 32,57 0.79 3.25 12.97 0.000 17 2.76
Zn 62 449 135.95 116.5 62.96 046 2.51 9.22 0.000 71 217
Ag 0.1 09 0.13 0.1 0.14 1.06 3.46 16.40 0.000 0.05 293
Ni 4 246.3 56.23 46.2 36.19 0.64 3.13 12.85 0.000 44 1.45
Co 13.6 64.2 2747 24.2 9.80 0.36 1.80 4.54 0.003 17 1.83
Mn 134 2170 911.90 886 338 0.37 0.76 2.18 0.200 600 1.72
Fe 43,300 374,900 76,974 59,800 53,268 0.69 3.62 16.21 0.000 35,000 249
As 6 124 33.31 25 26.13 0.78 1.87 3.19 0.000 1.5 2517
U 0.5 23 1.53 1.6 037 024 —-035 0.21 0.029 2.8 0.62
Au 0.1 0.6 0.11 0.1 0.07 0.67 6.60 46.62 0.000 0.0018 70.09
Th 22 15.8 10.86 114 299 028 —1.00 0.83 0.035 10.70 115
Sr 8 156 79.15 76.0 2329 029 0.27 1.81 0.200 350 0.26
Cd 0.1 0.8 0.32 0.3 0.13 040 1.13 293 0.000 0.10 3.66
Sb 0.5 5.3 1.57 1.1 113 072 1.74 245 0.000 0.20 8.92
Bi 0.05 30.4 2.58 0.5 541 2.10 3.48 13.52 0.000 0.13 23.06
\Y 44 281 140.40 135.5 3471 0.25 1.34 494 0.002 107 1.49
Ca 1300 73,700 13,813 10,300 13,295 0.96 2.23 6.41 0.000 30,000 0.52
P 220 1450 752.58 725 207.77 0.28 0.69 2.06 0.017 700 1.22
La 8 48.4 33.82 35.7 827 024 —0.80 0.80 0.069 30 1.28
Cr 25 1081 134.97 91.0 145.19 1.08 5.09 30.66 0.000 83 1.84
Mg 2800 43,800 15,944 13,300 7857 0.49 1.94 4.09 0.000 13,300 1.36
Ba 65 652 407.55 436.0 11622 029 —0.89 0.92 0.000 550 0.84
Ti 610 18,340 5512 4920 2403 0.44 253 12.57 0.001 4100 1.52
Al 11,600 89,900 70,923 72,850 10,617 0.15 —3.10 15.48 0.000 80,400 1.00
Na 530 14,140 5725 5505 2153 0.38 1.75 6.12 0.000 28,900 0.22
K 2800 24,700 18,140 19,450 4899 027 —1.10 0.85 0.003 28,000 0.73
w 0.4 2.7 1.44 1.4 045 0.31 0.79 1.10 0.000 2 0.82
Zr 224 108.5 87.32 92.6 1617 019 —1.39 295 0.003 190 0.52
Ce 17 102 7252 76.5 18.11 025 —0.78 0.53 0.067 64 1.28
Sn 1.5 6.6 3.10 29 0.75 0.24 1.98 7.23 0.000 6 0.64
Y 2.8 49.1 20.26 19.6 6.74 033 1.05 4.74 0.200 22 1.04
Nb 24 21.8 12.64 134 362 029 —046 0.16 0.200 12 1.19
Ta 0.1 1.5 0.85 09 025 030 —042 0.36 0.004 1 0.96
Be 1 3 1.98 20 068 034 —035 0.11 0.000 3 0.74
Sc 3 30 15.76 15.0 444 0.28 0.92 2.56 0.000 14 131
Li 4.7 66.9 4245 41.1 1008 024 —0.30 2.77 0.070 20 241
S 1000 53,000 4073 1000 9742 2.39 3.50 13.07 0.000 * *
Rb 139 1184 80.94 85.7 2336 029 —0.73 —0.12 0.017 112 0.82
Hf 0.7 3.6 2.58 2.7 050 020 —1.06 1.99 0.000 5.80 0.50

2 Clarke values = mean concentrations of the chemical elements in the upper continental crust (UCC) given by McLennan (2001); Geochemical data are expressed in mg/kg;
VC=variation coefficient; SD = standard deviation.
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Table 2

Descriptive statistics of chemical elements of the examined [Kettara mine wastes.

Elements Minimum Maximum Mean Median SD VC Skewness Kurtosis
Mo 1 13.70 414 2.80 3.52 0.85 2.24 5.05
Cu 879 6971 2428 1508 1974 0.81 1.76 2.02
Pb 7 778 156 81 217 1.39 2.53 6.79
Zn 79 361 176 153 83 0.47 1.22 1.11
Ag 0.10 13.10 1.67 0.65 3.62 2.16 3.40 11.70
Ni 2.50 48.90 14.32 9.30 14.53 1.01 1.50 1.78
Co 14 313 67 36 85 1.27 2.63 741
Mn 132 879 377 282 255 0.68 0.99 —0.33
Fe 90,200 413,600 294,825 307,650 91,925 0.31 —0.98 1.00
As 13 715 200 109 212 1.06 1.78 247
U 0.60 4.70 2 1.35 1.47 0.72 1.00 —0.69
Au 0.10 0.70 0.24 0.20 0.17 0.71 1.72 4,55
Th 0.60 17.80 7.18 6.45 5.65 0.79 0.89 —0.05
Sr 1.00 468.00 73.42 23.00 132.62 1.81 2.84 8.42
Cd 0.10 1.10 0.30 0.20 0.30 1.02 1.98 439
Sb 0.40 24.30 5.43 1.65 8.47 1.56 1.95 242
Bi 3.20 104.60 33 22.40 34.02 1.03 1.82 2.14
\Y 18.00 147 83 85.50 46.05 0.55 0.00 —1.36
Ca 700 21,000 3333 1550 5635 1.69 3.31 11.21
P 50 1280 470.83 395 351.14 0.75 1.21 1.51
La 2.60 60.60 19.57 16 14.74 0.75 213 5.81
Cr 4.00 153.00 57.25 51 42.00 0.73 1.02 112
Mg 1200 28,900 11,500 10,450 9718 0.85 0.55 —0.97
Ba 6 382 109 95 106 0.97 1.80 3.49
Ti 140 3340 1593 1570 981 0.62 0.35 —0.82
Al 2300 85,300 35,617 35,550 27911 0.78 0.43 —1.02
Na 80 3150 1051 725 902 0.86 1.45 1.62
K 200 18,500 3383 1700 4934 1.46 3.05 9.92
W 0.40 6.60 423 495 2.15 0.51 —0.66 —1.13
Zr 490 110.40 59.33 52.30 37.33 0.63 0.06 —1.50
Ce 5 118 41 36 28.84 0.71 1.85 4,70
Sn 0.80 7.60 429 4,55 1.99 0.46 —0.16 —0.38
Y 1 8.60 5 470 247 0.49 0.04 —1.18
Nb 0.50 11.60 5.13 5.35 3.03 0.59 0.51 0.66
Ta 0.05 0.80 0.35 0.40 0.21 0.60 0.35 0.43
Be 1.00 1.00 1.00 1.00 0.00 0.00

Sc 0.50 13.00 6.96 7.50 4.69 0.67 —0.03 —1.84
Li 4.10 44 17.18 11.40 13.03 0.76 0.90 —0.15
S 2000 96,000 41,167 30,000 29,905 0.73 0.52 —0.50
Rb 0.70 43.90 11,13 735 11.89 1.07 2.08 5.32
Hf 0.10 3.30 1.67 1.45 1.08 0.65 0.31 —1.13

VC=variation coefficient; SD = standard deviation (geochemical data are expressed in mg/kg).
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Fig. 3. Histograms and cumulative frequency curves for the selected elements in soil (concentrations are in mg/kg).




WQQWﬁWW‘é‘Wu@’WoMJQW(EUa sle o)t S
o oo buls cdale Jilas olie

el oy )8l O ygo 4y Sl polie clale au 595 oasms lid aliis (ol o L
aisy slel jo cunl dilo srims lid WiSin ol Connd g0 w4 | Az a5 oS>

| 00U dj‘)‘ u] o)Lo.i: o‘).o.s'b 4 g o)%‘o Codle b (o, )‘ C)b)u): LSLQ ools
L G)lol oy yo aS wiie Jaeme put ainl 3 5l el (o, il 2, polds

@3, 3z, polie wijlo WS polie plu a4 Cacd o Zae job 40 a5 (6 polia
BY sl JSo a5 L. ls 099 00gll dilate ;0 Yoane polie pl 09l o alsS
sl abl caws 1ol o (SSo3 j0 euls #dly Sl olie oy 5l ) polie ¥

Alwd 8 as b 8 gole e gleimma slylo ol Jial 4 Suse



2000 -

1500

1000

Soo

S500

400

300

200

100

250
19 58
= 200 *
59
s 150 =
14
a3 22 S -
2 24
21, 2a
3433 50
o
Ccu Pb
d
34 120 43:52
- 4
100 33"
80 19 .21
19.°° 38797
3 60 23'1_
a0
o
Z'n P:s
e
400000 23
300000 -
24,22
200000 - 33+43
21,938
100000 25°
0 -
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Table 4

Geochemical background values, anomalous and net anomalous values obtained for Kettara soils.

Elements  Kettara soils Geochemical background

Anomalous content of

Net anomalous

Canadian soils quality

World ranges in

(Saghlef schists) of Kettara soils Kettara soils (second values guidelines® non-polluted soils®
(first population) and third populations)
N Mean Median N Mean (a) Median N Mean (b)  Median (b—a)
Cu 62 2034 623 34 438 4305 28 397.2 222.2 353.4 63 6-60
Pb 62 414 329 26 21.8 2245 36 55.6 444 33.8 70 10-70
Zn 62 136.0 1165 40 102.6 105 22 196.5 1725 93.9 200 17-125
As 62 333 25 20 139 135 42 426 30 28.7 12 1-15
Fe 62 76974 59,800 49 56,978 55,800 13 152,346 150,000 95,368 - -

N is number of samples (all concentrations are expressed in mg/kg).
¢ Canadian soil quality guidelines (CCME, 2006).
b Kabata-Pendias and Pendias (1992).
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